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  Organic collagen matrix and inorganic calcium phosphate (CaP) based materials 
such as hydroxyapatite and carbonate-substituted apatite are the most significant 
components of bone and teeth providing them with extraordinary mechanical 
properties. Hence, calcium phosphate materials have been largely considered for 
reconstruction of structural defects in dental and orthopaedic applications. Such 
applications include dental implants used in periodontal treatment and implants for 
bone replacement. Consequently, it is important to expand our understanding 
regarding the formation pathways of these phosphate materials, the impact of ion 
substitutions and the resulting mechanical properties upon interaction with the collagen 
matrix.   
  Raman spectroscopy uses visible laser light to interact with matter and the collected 
spectra provide information on the molecular and crystal structure of the investigated 
material. The analytical sensitivity allows for studying structural alterations during 
phase transitions or ion substitutions, identify different polymorphs of a material and 
monitor subtle spectral variations of Raman bands due to mechanical strain or 
compositional variations.  
  This study starts by investigating the formation of carbonate apatite (cAp) from a 
citrate-stabilized amorphous calcium phosphate (cit-ACP) phase in various ionic 
solutions. This is primarily realized via in situ Raman spectroscopy by studying the 
variation of the 
1v  phosphate stretching mode as a function of maturation time. The 
transition is complemented by ex situ transmission electron microscopy (TEM) for 
microstructural characterization. These observations shed light on the possible 
pathway regulating in vivo formation of cAp in bone.   
  Further, the impact of titanium substitution on the electronic properties of apatite was 
assessed via structural characterization of titanium substituted hydroxyapatite (Ti/HA) 
composites performed by ex situ Raman spectroscopy and TEM. Raman studies 
revealed the formation and evolution of titanium oxide and calcium phosphate related 
phases, whereas TEM studies showed the morphological evolution of particles. 
  Following cit-ACP transformation, the mechanical and molecular properties of 
collagen/cAp bio-inspired structures are studied by in situ Raman spectroscopy under 
mechanical stress. The impact of cAp content on the molecular response of these 
structures is highlighted by a wavenumber shift of collagen related Raman bands. This 
interplay between cAp and collagen is associated to the mechanical properties of bone.
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  This chapter provides an introduction to the structure of bone and how the interaction 
among its main constituents such as hard apatite crystals and soft collagen regulate the 
final mechanical properties observed in bone. In accordance with the research 
motivations for this project, an overview of the scientific work performed on the 
formation and structure of apatite and its relation to bone mineralization is also 
provided. 
  This is followed by a introduction to the underlying research objectives of this work 
with a description of the relevant experimental approach adopted to achieve these 
objectives. Finally, a general outline of the structure of this thesis is provided with a 
detailed reference to the particular scientific work covered in each of the included 
chapters. 
 
















1.1 Motivation and scientific background 
1.1.1 Motivation 
  Bone is one of the main structural components of the human body and other 
vertebrates due to its ability of supporting and protecting the various organs as well as 
facilitating the production of blood cells. The most important aspects of bone research 
are to investigate the risk of potential fractures within the bone matrix and to prevent 
them from occurring. Bone is sensitive to skeletal aging, environmental conditions and 
numerous genetic diseases that increase the chance for fracture to take place or 
influence the mechanical integrity. Fracture incidents comprise the initiation and 
development of cracks and subsequent total fracture of the tissue. 
  Bone entails a hierarchical structure that consists of characteristic structural 
components at different length scales. In particular, the hierarchical structure of bone 
spans various architectural levels from the individual collagen molecules and mineral 
apatite crystals at the nanoscale to the whole bone at the macroscale. At the nano and 
micro-scales, the key component is the mineralized collagen fibril, where collagen 
molecules form arrays with nanocrystals of apatite embedded inside the collagen matrix 
and on the surface of the fibril. 
  Thus, investigating the formation pathways of apatite crystals, their structure and the 
interaction mechanisms with collagen molecules can provide valuable insight to 
understand the origin of the bulk mechanical properties seen in bone and further assist 
to design materials mimicking natural bone. 
 
1.1.2 Overview of bone structure 
  Bone is formed via the process of mineralization, which involves the variable 
deposition of inorganic mineral apatite Ca10(PO4)6(OH)2 inside an organic collagen 
matrix [1],[2]. Mineralization is important for the functionality of many biological systems 
present in nature and has been the subject of continuous research investigation for 
hundreds of years [2]. However, studying the formation and mechanics of bone can be 
challenging due to the hierarchical complexity and variability of the tissue, chemical 
composition and different levels of mineralization depending on the type of bone 
(compact, lamellar, spongy bone) [3],[4]. The hierarchical structure of bone makes it a 
light-weight material that can accommodate significant loads and mainly combines the 
strength and stiffness of the apatite (Young’s modulus = 114 GPa) [5] and the flexibility 
of the viscoelastic collagen fibres (Young’s modulus = 0.05-1 GPa, maximum elastic 
strain ~35 %) [6]–[8]. A schematic illustration of the hierarchical structure of bone is 
shown in Figure 1.1. 







Figure 1.1 Hierarchical structure of bone showing all constituents at different scales [9]. 
Adapted from Med. Eng. Phys., J.Y. Rho, L. Kuhn-Spearing, P. Zioupos, vol. 20, pp. 
92–102, ©1998 with permission. Elsevier Copyright Clearance Center (license number 
3933271254115). 
 
  Hence, the individual properties of these two important structural components upon 
interaction result in the extraordinary toughness and stiffness of bone (modulus of ~10-
40 GPa) [10]. Theoretical investigation of mineralized collagen fibrils have also 
indicated that the dimensions of the apatite particles play a key role on the mechanical 
properties of bone. Apatite nanocrystals of ~30 nm embedded in thin collagen matrix 
are considered to provide good fracture strength, high stiffness and minimal brittleness 
of the tissue [11]. 
  In 1923, Robison, considered that the phosphate ion concentration in bone is not 
enough (less than 10% of the total weight) to trigger calcium phosphate precipitation 
and thus he argued that local increase via hydrolysis of phosphate esters assisted by 
an enzyme called alkaline phosphatase is attainable [12]. Robinson’s theory was 
challenged at a later stage, mainly due to the local quantity of phosphate esters not 
being sufficient enough to produce adequate concentrations of phosphate ions that 
could overcome the solubility product of calcium phosphate. However, this theory has 
managed to bring attention to an enzyme which is fundamental with respect to 
calcification, while emphasizing the important impact of organic molecular compounds 
in biological calcification [13]. According to Bonucci, this was also indicated by 
Freudenberg and György in the same year [2]. It was stated that the calcification of




 cartilage takes place in vitro when the tissue is primarily treated with calcium chloride 
and then with phosphate (not vice-versa) and attributed that to the binding of calcium 
ions to a colloid and the succesive binding of phosphate ions resulting in the formation 
of calcium-phosphoprotein complexes.  
  Based on these findings, Robison and Rosenheim proposed that an enzymatically 
driven additional mechanism, where potassium cyanide induced calcification in 
inorganic solutions could represent a ‘local factor’ potentially leading to the precipitation 
of calcium phosphates even if the ion concentrations are low [14]. In the early 20th 
century, X-ray diffraction studies revealed that bone powder possesses a crystalline 
diffraction pattern close to that of inorganic apatite, which is important to understand the 
crystalline structure of the calcium phosphate involved in the formation of bone mineral 
[2]. Dawson noted that the digestion of trypsin enhances the sharpness of the diffraction 
patterns and suggested that this could occur as a result of the binding of the inorganic 
compound to the organic matrix network [15]. Moreover, other researchers assumed the 
presence of organic/inorganic bonding based on bone birefringence [16]. Histochemical 
analysis indicated that the matrix responsible for calcification in bone and cartilage 
contains glycoproteins and acid proteoglycans and drew much attention to these 
compounds supporting the concept that the local factor might be chondroitin sulfate 
[17]. Neuman and Neuman assessed that calcium and phosphate ions could attach on 
an organic template with respect to the lattice space relationships in the apatite, and 
thus promoting the development of apatite nuclei that could develop into distinct crystals 
by subsequent ion aggregation [18]. Moreover, certain steric type relationships between 
amino-acid side chain groups within the collagen fibrils were suggested as potential 
nucleation sites within the fibrils [19].  A close relation among the mineral and the 
collagen fibrils was demonstrated and confirmed by electron microscopy, starting with 
the first studies performed by Robinson and Watson [20] and Ascenzi and Chiozzotto 
[21]. Another significant observation was obtained via microradiography studies 
conducted by Amprino and Engström showing that the mineralization level in bone is 
variable with that of primary bone (immature bone with irregular arrangement of 
collagen fibres) being higher compared to that of mature bone. In addition to this 
observation, it was found that osteon calcification takes place in two different stages, 
where the initial stage is described by fast deposition of about 70 wt% of mineral 
amount and the final stage by the gradual realization of this process [22]. 
  Although, the structure of bone can show distinctive variations with respect to the 
specific type, each individual structural organization has well-determined characteristics 
that can enable identification of the type of tissue. In this context and with regard to the 
local mechanism of bone mineralization, the following fundamental components have to 




be taken into account: the collagen fibrils, the interfibrillar non-collagenous proteins and 
apatite.  
   
1.1.3 Overview of inorganic mineral crystals and relation to bone 
  It is well known that the inorganic part of bone consists of calcium phosphate with 
approximately 5 wt% of carbonate and traces of various elements (e.g. fluorine, 
chlorine, citrate ions). As a result, it becomes difficult to determine the true nature of the 
crystallographic structure of bone mineral, even if it has been considered as 
hydroxyapatite [23]. The studies by DeJong as reviewed by Bonucci [2], showed that 
the X-ray diffraction patterns of compact bone are very close to those of polycrystalline 
hydroxyapatite and have been reproduced by others (see reviews by [23]). This 
observation has significantly contributed to understanding the nature of the bone 
mineral and has been challenged in numerous other studies. Wheeler and Lewis 
demonstrated that the crystalline apatite structure of mature cortical bovine bone 
possesses a short/medium range order structure and managed to calculate the mean 
distance uncertainty variations [24]. Numerous diffraction investigations have indicated 
that the structure, composition and crystallinity of mineral in bone and of the initial 
apatite particles formed in solution can vary and that crystallinity is enhanced with age 
and degree of maturation [25]–[27]. Within this concept, Landis and Glimcher stated 
that there was no electron diffraction pattern indicating poorly crystalline hydroxyapatite 
(possibly due to the presence of an amorphous-like structure) in the early bone mineral 
deposits, similar to the one shown by the diffraction pattern of highly calcified regions.  
Moreover, there was a gradual shift of this pattern towards crystalline diffraction 
patterns as the matrix experienced complete calcification [28]. Furthermore, neutron 
spectroscopy experiments performed by Loong et al. have revealed that bone mineral is 
dissimilar to hydroxyapatite, because of both the incorporation of stable CO3 and HPO4 
groups and the absence of OH groups from the relevant crystallographic sites that they 
occupy in pure hydroxyapatite (HA) [29]. Matters are further complicated by the 
potential of forming apatite crystal due to the presence of an unstable precursor such as 
amorphous calcium phosphate. In conclusion, bone mineral apatite seems to be 
different from natural apatite, showing structural and compositional variations due to 
age and its relation to collagen matrix components. 
  Studies have not been able to fully assess issues related to the morphology, size and 
organization of the mineral component in bone. This is mainly due to the fact that 
electron microscopy, among the best for imaging of inorganic particles in bone, may 
induce unwanted changes such as decalcification in ultrastructural components [30]. 
Alternatively, other existing light microscopy based techniques used to study inorganic




 structures suffer from inadequate resolution and can barely reveal details among 
various ultrastructures within the same area of bone (such as areas with different 
degrees of calcification), because their characteristics are overlapped by those of the 
volumetrically dominant structures. Stereoscopic techniques can be utilized to 
overcome this limitation by visualizing the specimen in a 3D configuration, but they 
usually work at low magnification and may be still be difficult to observe substructures.   
  One important aspect for the implications the mineral component can have on 
comprehending the calcification pathway is related to the shape and size of the mineral 
particles and their relation to the organic matrix. The first electron microscope 
investigations had postulated that bone crystals possess a platelet-like shape [31], [32]. 
This result was later reproduced in bone and calcified tissues (dentin, tendons) by either 
electron microscopy or other investigation techniques [33], [34] and the dimensions of 
the platelets were calculated to be approximately 60-70 nm. 
  The observation that bone mineral particles have a platelet-like shape is in 
contradiction with polarized light studies that had revealed a rod-like shape. In 
particular, Ascenzi performed studies using polarized microscopy which are in 
agreement with the investigations carried out by Schmidt. Ascenzi showed that bone 
has an inherent birefringence as a result of both the organic and inorganic components, 
with the latter having a ‘form birefringence’ which agrees with Wiener’s law for rod-like 
composite bodies [35]. This concept was also verified by X-ray diffraction [36], [37]. 
However, it was electron microscopy that confirmed that bone crystals have a rod, 
needle or filament-like shape and reasonably similar to that found in the crystals of 
calcified cartilage and other hard tissues [38], [39]. The results reported regarding the 
goniometric tilting under the electron microscope for single crystals obtained after bone 
dissociation have shown that the needle-shaped crystals could be a side projection of 
thin platelets [33]. However, thin platelets appearing as needles when seen from one 
side is not solid evidence that needle-like structures seen in bone are necessarily side 
projections of platelets.  
  On the other hand, it has been proposed that platelet-like and rod-like mineral crystals 
could simultaneously exist in the same bone regions and are attributed to different 
aspects of the same mineral linked to various organic parts of the matrix [40]. Another 
possibility could be that acicular apatite crystals can associate to platelet-shaped 
superstructures. Overall, depending on the bone type, crystals may be viewed as 








1.2 Research objectives and experimental approach 
  Summarising the key concepts of Section 1.1, it becomes obvious that the morphology 
of apatite mineral phase and the interplay between the apatite crystals and the collagen 
play key roles for the mechanical properties of bone and other mineralized biological 
tissues (teeth, mineralized tendon). Hence, the motivation of this work mainly focuses 
on the following aspects:  
(a) the dynamics of the crystallization from amorphous calcium phosphate to apatite, 
(b) the structural details of the mineral phase and 
(c) the impact of apatite crystals on the mechanical properties of collagen/apatite bio-
composites.  
  In the present study, different bioinspired systems are structurally and chemically 
investigated and characterized by a multi-method approach across various length 
scales. The structural characterization is primarily performed by Raman spectroscopy, 
which provides unique access to the molecular and crystal structure of materials in a 
non-destructive way and allows for comparably easy realizations of in situ studies on 
various material systems. On the micrometre to millimetre scale, a combination of 
Raman spectroscopy and optical imaging was applied to observe the crystallization of 
aggregations of particles and identify different polymorphs produced. Subsequently, 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
combined with selected area electron diffraction (SAED) are also employed to provide 
nanometre spatial resolution. These provide a more detailed investigation of the 
morphology of particles and simultaneous verification of the findings obtained with 
Raman spectroscopy. Further, Raman spectroscopy is combined with a bespoke micro-
electromechanical device setup (MEMS) to investigate molecular changes of micro-
fibres under mechanical stress. The three crucial research topics presented in this 
thesis are described below.   
  One of the main foci of this study is the dynamic investigation of growth and nucleation 
of calcium phosphate minerals in an aqueous environment using Raman spectroscopy. 
In particular, the in situ time-dependent transition of amorphous calcium phosphate to 
crystalline apatite in the presence of phosphate-containing media is thoroughly 
assessed. The morphological investigation of the evolution from amorphous calcium 
phosphate to apatite with high spatial nanometre resolution was achieved by ex situ 
TEM imaging and selected area electron diffraction (SAED) confirmed the phase 
transition. The results obtained with both techniques at similar timescale were 
compared and discussed.   
  Further, the structure of apatite containing increasing contents of titanium ion 
incorporated within its lattice and the identification of secondary phases formed is




 studied by ex situ Raman spectroscopy. Additional ex situ TEM and selected area 
electron diffraction (SAED) studies were performed to investigate the morphological 
details of the Ti/HA particles and the presence of phases respectively.           
  The following part of this thesis focuses on:  
(a) the design and construction of a novel micro-electromechanical device (MEMS) that 
can be combined with a Raman spectrometer to allow for real in situ molecular studies 
of collagen microfibres under mechanical stress and  
(b) the application of this device to collagen/apatite bio-composites with systematically 
increasing apatite content to investigate the molecular interaction between the organic 
and inorganic components. The structural characterization of these inorganic and 
organic components forming the bio-inspired composites is performed using SEM and 
TEM in combination with electron diffraction. 
 
1.3 Outline of the thesis    
  This thesis starts with a general introduction, highlighting all key principles relevant to 
this work based on biomineralization and the structure of bone with particular interest on 
the formation and interaction between its main constituents. Chapter 2 provides a 
thorough theoretical and experimental description of the investigated material systems 
and the underlying physics of the analytical techniques used for studying microstructure 
and properties. Chapter 3 is devoted to the experimental investigation of apatite 
formation from amorphous calcium phosphate. Chapter 4 presents the data related to 
the structural and morphological characterization of Ti substituted hydroxyapatite. 
Following the investigation of the formation and structure of apatite, chapter 5 
demonstrates in situ mechanical and molecular studies of collagen/apatite bio-
composites under tensile strain realized by Raman spectroscopy. Finally, chapter 6 















Material and experimental background 
  This chapter covers three key aspects of this work: 
(a) The underlying theoretical background regarding the structure and properties of the 
investigated materials systems in this study: a. amorphous calcium phosphate (ACP) 
and  crystalline hydroxyapatite (HA), b. Ti substituted apatite and c. collagen  
(b) A theoretical and technical background of the analytical tools used for the 
characterization of these materials including Raman spectroscopy, Scanning Electron 
Microscopy (SEM) and Transmission Electron Microscopy (TEM). 
(c) A detailed description of the sample preparation process which plays a key role for 
















2.1 Calcium phopshate based materials 
  Calcium orthophosphates are the most important mineral components present in bone 
and teeth and there is massive interest in comprehending the underlying 
physicochemical mechanisms related to their nucleation, growth and phase stability. 
Calcium orthophosphates are mainly composed of three chemical elements: calcium 
(Ca2+), phosphorus (P5+), and oxygen (O2-) [41]. The orthophosphate group (PO43-) has 
a different structure from the meta (PO3-) and pyro (P2O74-) groups. This section 
concentrates on calcium orthophosphates with particular interest on amorphous 
calcium phosphate (ACP) and hydroxyapatite (HA) structures. 
  The chemical composition of calcium orthophosphates encompasses hydrogen in the 
form of an orthophosphate anion such as HPO42- or H2PO-4, and/or incorporated water 
in the form of dicalcium phosphate dihydrate (CaHPO4•2H2O) [41]. Most of the calcium 
orthophosphates are frugally water soluble, but they are all acid soluble. Moreover, the 
calcium to phosphate molar ratios (Ca/P) and the solubility levels play a key role in 
distinguishing between the different phases. It is commonly accepted that the 
crystallization of calcium phosphates comprises the formation of metastable phases 
that succesively dissolve as a function of the precipitation process. As a result, 
intermediate phases can occur during crystallization. The nature of the precipitated 
calcium phosphate phase is dictated by the supersaturation, pH value and ionic 
strength of the solution. In addition, the presence of peptides, proteins or other 
inorganic additives in vivo has a significant impact on crystallization, thus making it 
hard to predict the possible phosphate phases that may develop [42]. 
  Hydroxyapatite (HA), is less soluble in water than other calcium phosphate phases 
and is favourably formed under neutral or basic conditions. However, more acidic 
environments can promote the development of other phases such as dicalcium 
phosphate dihydrate (DCPD) which is also known as brushite and octacalcium 
phosphate (OCP). DCPD and OCP have been reported as potential precursors to the 
formation of apatite, via precipitation of DCPD and/or OCP followed by a subsequent 
transition to an apatite phase. Although the presence of DCPD and OCP phases is 
observed during in vitro crystallization, in vivo investigations in bone hardly ever 
indicate the existence of such acidic calcium phosphate phases. In this latter case, a 
significant amount of ions and molecules can be incorporated inside the crystal lattice 
or formed on the crystallite surfaces. In biological apatite, DCPD and OCP are seen 
only under pathological calcification, at a fairly low pH range of 4.5-7. During normal in 
vivo calcifications such phases have not been observed, suggesting that the presence 
of other precursors or the evolution of an amorphous calcium phosphate phase (ACP) 
could potentially lead to apatite formation [41].      




  Another common calcium phosphate phase is beta tricalcium phosphate (β-TCP) with 
a general chemical formula: Ca3(PO4)2. β-TCP belongs to the rhombohedral space 
group R3c, and its unit cell has 21 [Ca3(PO4)2] units [41]. Three types of 
crystallographically non-equivalent phosphate groups positioned at generic points on 
the crystal are present with each type exhibiting dissimilar intra-tetrahedral bond 
lengths. One of the phosphate groups shows positional disorder due to the limited 
residency of certain cation sites, as Ca2+ notably changes the tilts of the neighboring 
phosphate ion [41]. 
  β-TCP has been observed during pathological calcification, such as dental calculus 
formation, but it has not been detected in other tissues like enamel and bone. The ideal 
β-TCP structure possesses calcium ion vacancies that are small enough to incorporate 
a calcium ion but can accommodate magnesium ions, which result in further 
stabilization of the structures. The most ordinary type of magnesium stabilized calcium 
phosphate is  whitlockite, which is formed under physiological conditions in the 
presence of magnesium ions [41]. 
 
2.1.1 Amorphous calcium phosphate (ACP) 
  Synthesis of hydroxyapatite (HA) crystals via calcium and phosphate ion interaction in 
neutral/basic solution results through the formation of a precursor amorphous phase 
that is structurally and chemically different from HA [43]. Analysis of the chemical 
composition of the precursor phase showed that this non-crystalline material is a 
hydrated calcium phosphate (Ca3(PO4)2 • xH2O) with a Ca/P molar ratio of 1.50. It 
consists of spherical Ca9(PO4)6 close-packed clusters known as ‘’Posner’s cluster’’ 
forming bigger spherical particles with water molecules incorporated within the 
interstices [44]. These clusters were found to be more energetically favourable 
compared to other phosphates such as Ca3(PO4)2 and Ca6(PO4)4 clusters [45]. Ab-initio 
calculations verified that stable isomers are observed on the [Ca3(PO4)2]3 potential 
energy surface (PES) [46]. These isomers are related to compact configurations where 
the Ca and PO4 are disposed together. Their geometries agree with the term 
“spherical” as described in Posner’s hypothesis. Calculations carried out for the 
monomer and dimer PES showed that the relative energies of the various isomers are 
driven by a distinct bonding motif where one calcium atom interacts with two PO43- 
groups, resulting in the formation of four CaO bonds [46]. The compact isomers on the 
trimer PES are more energetically favoured compared to monomer or dimer isomers 
due to the presence of a bonding motif for the trimer case where a calcium makes six 
CaO bonds with six PO4 groups. This bonding pattern is observed in HA [46].




  It has been stated that, both in vitro and in vivo, the precipitation process at 
adequately high supersaturation and pH levels leads to the development of an 
amorphous calcium phosphate (ACP). The chemical composition of ACP is highly 
determined by the pH value of the solution: ACP phases with Ca/P molar ratios of 
1.18:1 and 1.53:1 were formed at pH 6.6 and 11.7 respectively, reaching even higher 
molar ratios of approximately 2.5:1 [47]. Two types of amorphous calcium phosphates, 
ACP1 and ACP2, with identical chemical composition, but different morphology and 
solubility have been described in the literature [48], [49]. The formation of ACP particles 
with short-range order is composed of aggregates of primary nuclei (approximately 
spherical clusters) with Ca9(PO4)6 composition [50]. Further hydrolysis enables the 
occurrence of more stable phases. These amorphous clusters act as precursors for HA 
formation via an assembly process and were considered to pack in a random manner 
[51]. In contrast to the long range order of crystalline structures, experimental 
investigations showed that ACP has a defined short range order rather than consisting 
of a disordered network structure. It is known that ACP has approximately 10–20 wt% 
of tightly bound water, which is discarded by vacuum drying [44], [52]. Nevertheless, 
the drying process has no impact on the structural arrangement of the calcium and 
phosphorus atoms. The side band intensities of dried ACP show that its chemical shift 
anisotropy observed by NMR studies is similar to that of hydrated ACP [52]. In addition, 
ACP was shown to possess an apatitic short-range order, with a domain size of ~1 nm 
as indicated by extended X-ray absorption fine structure (EXAFS) studies of biogenic 
and synthetic ACP specimens [53], [54]. 
  ACP can transform to crystalline HA in liquid environments and the lifetime of this 
metastable amorphous phase in aqueous solution was found to be regulated by 
various parameters, such as the presence of additive molecules and ions, pH value, 
temperature and ionic strength [55]. Varying each parameter separately, it was found 
that the lifetime of ACP increases with higher pH value and ionic strength values and 
decreased temperature [55]. The solution-driven transition is associated with the 
conditions regulating both the dissolution of ACP and the occurence of the early HA 
nuclei [56]. Another work suggests that the transition from ACP to HA involves only 
dissociation into clusters rather than full ionic solvation [57]. 
  Treboux et al. performed ab-initio calculations to determine the structural geometry of 
‘’Posner’s clusters’’ by adopting different possible crystal symmetries and calculating 
the formation energies [58]. They reported that the ‘’Posner’s clusters’’ in the HA 
structure have a C3 symmetry and accommodate two types of calcium (Ca) atoms 
which show distinct coordination and bonding properties. For the first type, Ca1, a set 
of three calcium atoms located at z = 0, 1/2, and 1 levels on the 3-fold rotation axis 




parallel to the crystallographic c-axis is observed, whereas the second type, Ca2, 
possesses a set of six calcium atoms positioned three by three on the mirror planes at 
z = 1/4 and 3/4 [58]. The HA structure has two well defined Ca9(PO4)6 cluster units with 
dissimilar chirality: the first is the one centering on the Ca1 site at the z = 0 level, while 
the second one is centering on the Ca1 site at the z = 1/2 level. They obtain a 
noncentrosymmetric C3 symmetry originating from the 3-fold rotation axis parallel to the 
c-axis and represent mirror images with regard to the mirror planes at z = 1/4 and 3/4. 
As a result, they are right- and left-handed chiral clusters [58]. 
  However, the chiral character of Posner’s cluster vanishes when the cluster is isolated 
in order to determine its geometrical characteristics in an ACP environment. The 
computational simulations by Treboux et al. on the isolated cluster showed that a 
centrosymmetric S6 symmetry is energetically favorable [58]. The ACP structure 





Figure 2.1 Structure of ACP. Schematic representation of ‘’Posner’s cluster’’ containing 
S6 symmetry as reported by Treboux et al. Three calcium ions are superimposed, 
forming a column on the C3 axis positioned at z = 0, 1/2 and 1. Two other groups of 
three calcium ions are located at the periphery of the cluster at z = 3/4 and z = 1/4 
positions. Phosphorus atoms of phosphate groups are found at z = 1/2 position, with 
two of the oxygen atoms of the phosphate tetrahedrons. The chemical composition 
corresponds to Ca9(PO4)6. Adapted from Acta Biomaterialia, C. Combes, C. Rey, vol. 
6, n. 9, pp. 3362-3378, ©2010 with permission [59].  Elsevier Copyright Clearance 
Center (license number 3933550786670). 




  In summary, ACP is an extremely unstable phase that can rapidly hydrolyze forming 
more stable phases. In the existence of various ions and macromolecules or under in 
vivo conditions, ACP may last for substantial periods [42] and keep the amorphous 
state under particular experimental conditions (temperature, pH, crystallization rate) 
[60]. 
 
2.1.2 Hydroxyapatite (HA) 
  HA is a biomineral found in many biological micro-environmental systems and its 
crystal structure may be composed of either monoclinic or hexagonal unit cells. The 
general chemical formula for hydroxyapatite is Ca10(PO4)6(OH)2. In the monoclinic form 
(pure stoichiometric), HA has a P21/b space group with rows of phosphate ions placed 
across the a axis, while calcium and hydroxide ions are found between the phosphate 
groups [61],[41]. Calcium ions are located in two triangles enclosing hydroxide ions and 
these hydroxide ions are observed either over or under the calcium ion planes. 
  In the hexagonal form, often found in biological apatites, HA comprises a structure 
close to monoclinic, but with columns of calcium and hydroxide groups placed in 
parallel channels forming a P63/m space group [61]. Ion substitution can take place in 
these channels, and this can explain the high level of substitution observed in natural 
apatites. Hexagonal HA contains hydroxide ions within each row which are more 
disordered compared to the monoclinic form, pointing upward or downward inside the 
structure. This can give rise to strains that are compensated for via substitutions or ion 
vacancies [61]. As anticipated from the hexagonal morphology, atomic force 
microscopy (AFM) revealed that the crystal faces at the atomic scale are prismatic (a-
face) or basal (c-face) [62]. The lattice constant of an apatite crystal across the c-axis is 
evaluated to be ~0.68 nm [62]. In addition, maturing of precipitates can promote the 
inclusion of small carbonate amounts. Atmospheric N2 or CO2 can lead to the 
absorption of impurities by the apatitic structure [63]. 
  HA surface layers have completely different composition compared to the bulk. The 
formation of the HA surface layer takes place due to compositional variability of HA: 
Ca10(PO4)6(OH)2 to ~CDHA (calcium-deficient HA), found over a range of Ca/P ratios 
between 1.67 (stoichiometric) and ~1.5 (CDHA). NMR studies showed a Ca/P ratio of 
1.52, indicating that the surface of crystalline HA with 1 nm surface thickness has no 
correlation with the composition of bulk HA [64]. This compositional inconsistency 
results in the fact that only one HA composition dissolves congruently (the solution and 
solid have the same Ca/P ratio). Consequently, HA compositions having dissilimilar 
Ca/P ratios from the congruently dissolving composition will develop surface layers 
[65]. Equilibrating the stoichiometric HA with water will lead to the occurence of a 




surface layer with a Ca/P ratio smaller than 1.67 [65]. As a general remark, for solid HA 
compositions with Ca/P ratios larger than that of the congruently dissolving 
composition, a non-stoichiometric surface layer will be created and the Ca/P ratio in 
solution will surpass that of the surface layer. For solid compositions with Ca/P ratios 
lower than the congruently dissolving composition, the opposite case will be valid [65]. 
 ¾.  
  A schematic representation of the HA structure including the aggregation of various 
‘’Posner’s clusters’’ in a C3 symmetry is shown in Figure 2.13. The four clusters 
containing the two types of calcium atoms, Ca1 and Ca2, at different coordinations are 




Figure 2.2 Schematic representation of the HA (Ca10(PO4)6(OH)2) structure projected 
on the a-b plane. Four chiral Posner’s clusters Ca9(PO4)6 are shown. Two OH groups 
and one Ca atom (per unit cell) are incorporated within the voids present between the 
clusters and form positive and negative columns parallel to the c-axis. The surface of 
the unit cell is indicated by black solid lines. The highlighted area on the right 
represents a single ‘’Posner’s cluster’’. The aggregation of three ‘’Posner’s clusters’’ of 
the same chirality around the positive column results in the occurrence of a 
supplemental ‘’Posner’s cluster’’ with opposite chirality. Adapted from J. Am. Chem. 
Soc, Treboux et al, vol. 122, pp. 8323-8324, ©2000 with permission from American 
Chemical Society [58]. 
 
2.1.3 Crystal lattice substitutions 
  The occurence of acidic phases, such as DCPD and OCP, during the formation of 
apatite is usually deduced upon estimation of molar calcium/phosphate ratios of the




 solid phases. Nevertheless, these ratios can also indicate the potential substitution of 
other ions inside the lattice, which has been demonstrated as a frequent phenomenon 
in calcium phosphates. Apatite substitution may occur via ion diffusion in or out of the 
OH- channels present in the structure, promoting the interchange between OH- ions 
and water or other ions [66]. These channels at the crystal surfaces build parallel 
canals incorporating adsorbed water, phosphate, OH- and various other ions. Ion 
vacancies in Ca2+ or OH- locations make up for excess as a result of substitution. 
Common ion substitutions reported for biological apatites include F- for Cl- or OH-, 
carbonate for phosphate or OH-, and Sr2+, Mg2+, or Na+ for Ca2+ [42]. 
  Incorporation of HPO42- can take place by protonation of phosphate sites, whereas 
carbonate can substitute both for OH- and phosphate [67], with the latter case being 
more frequent as shown by LeGeros [68]. Carbonate substitution often results in less 
crystalline structures and where carbonate occupies the phosphate sites, the smaller 
size induces strain decreasing the a-axis and increasing the c-axis, which leads to a 
unit cell contraction. An extended X-ray absorption fine structure (EXAFS) 
spectroscopy performed by Harries et al. showed that prominent structural changes 
inside the HA unit cell occur due to the substitution of the phosphate ion for carbonate 
[69]. It was found that the structural geometry after the nearest neighbor oxygen 
coordinations to calcium is systematically altered as a function of increased structural 
disorder [69]. Nevertheless, the nearest neighbor coordination to calcium is not 
prominently affected by the existence of carbonate. To keep this coordination within the 
HA lattice, it was required that the carbonate ion was positioned so that the oxygens 
match with those sites previously resided by the phosphate oxygens [69]. As a result, 
the vacant oxygen sites are possibly driven away from the calcium ions, involving 
lattice strain that can explain the unit cell shrinkage observed by X-ray diffraction 
studies. 
  Calcium vacancies show a preferential charge-compensation by carbonate ions 
replacing phosphate groups (E = −5.3 kJ mol-1), while charge-compensating reactions 
including PO4 vacancies are mainly endothermic (652 kJ mol-1) [70]. Computational 
calculations of various structures predict that: (a) Calcium ion vacancies and 
substitutional sodium or potassium ions would take place simultaneously with 
carbonate-based impurities at phosphate sites. Any other types of charge 
compensation via phosphate replacement would not be favourable and (b) the hydroxy 
ions within the channel can be replaced by carbonate groups, whereas the formation of 
water or oxygen defects inside the channels is thermodynamically ulike [70]. 
  In principle, two carbonate substitutional cases are observed: (a) the type-A 
substitution, where the carbonate group is located in the hydroxy channel, and (b) the 




type-B substitution, where the carbonate group is located at the position of a phosphate 
group [70]. A comparative study performed by de Leeuw et al. with respect to the 
energy amount per substitutional carbonate group. The outcome of the computational 
simulations indicate that the type-A substitution involving the replacement of two 
hydroxy groups by one carbonate group is more energetically preferred (ΔH = −404 kJ 
mol-1) compared to the combined A–B substitution, where one phosphate and one 
hydroxy group are substituted by two carbonate groups (ΔH = −259 kJ mol-1) 
[103],[104]. In type-B substitution, the phosphate group is replaced by one carbonate 
group and another hydroxy group in the same location and it was found to be 
energetically neutral (ΔH = −1 kJ mol-1) [71]. 
  Nevertheless, when the substitution of the phosphate group by a carbonate ion is 
charge compensated through the replacement of a sodium or potassium ion for a 
calcium ion, type-B substitution becomes more energetically favorable (ΔH−Na = −71 
kJ mol-1, ΔH−K = −6 kJ mol-1). It is also facilitated by the presence of A-type 
substitution inside the lattice [71]. According to these simulations, it seems 
energetically possible for all substitutions to take place, calculated as ion-exchange 
reactions originated from aqueous solution. These carbonate substitutions are 
prominently found in biological HA and computational simulations show that 
incorporation of carbonate from solution into the HA lattice structure is 
thermodynamically possible as seen from experimental work [71]. Both types have 
unbalanced charges, and different forms of charge compensation are involved [72]. 
Stable compounds with specific calculated energies can be used to extract and 
compare the formation energies of various carbonate substitutions including charge 
compensation defects. The outcome of these calculations state that B-type structures 
having charge compensation by a calcium ion vacancy together with a hydrogen atom 
which forms a bond with a neighboring phosphate show the highest stability [72]. 
 
2.1.4 Titanium substituted hdroxyapatite (Ti/HA) 
  One of the fundamental types of ion substitution investigated in this study is related to 
the incorporation of titanium into the apatite lattice. HA can indirectly interact with 
titanium ions at the interface formed between the HA coatings and the Ti substrates. 
The diffusion of Ti and HA ions across the interface was regarded as possible 
indication for the incorporation of Ti inside the HA lattice [73], [74]. Across the HA/Ti 
interface, there is a tendency for Ti to oxidize at increased temperatures resulting in the 
formation of TiO2, with the TiO2 position being on top of the titanium surface. By 
altering the passivation of TiO2, Ti atoms diffuse from the metallic bulk on the interface 
layer, whereas oxygen atoms move into the titanium bulk [75]–[77]. The outcome of 




this concurrent process is the formation of an amorphous or crystalline  titanium oxide 
phase. The kinetics of titanium oxidation is regulated by the rate of oxygen adsorption, 
where the oxygen atom diffuses into the Ti lattice until attaining a saturation point, 
followed by oxidation of titanium [77]. The two most common titanium oxide phases are 
rutile and anatase, both with a tetragonal structure. The results shown in Chapter 4 of 
this thesis are indicative of anatase and thus only this phase will be further discussed in 




Figure 2.3 Tetragonal structure of anatase. Two cell edge parameters, a and c, and an 
internal parameter, d (the length of the Ti−O bond) are shown. The experimental 
values for a, c, and d are equal to 3.782, 9.502, and 1.979 Å, respectively [78]. Gray 
and red balls represent Ti and O atoms respectively. Adapted from Chemical Reviews, 
K. Bourikas, C. Kordulis, A. Lycourghiotis, vol. 114, pp. 9754-9823, ©2014 with 
permission from American Chemical Society [79]. 
 
2.2 Collagen 
  Collagen is the most abundant protein in vertebrates, accounting for 25% of the total 
amount of protein in the body [80]. Almost 2/3 of all proteins in the human body are




 various collagen-type proteins [80]. Approximately 25 distinct collagen types have been 
identified with type I being the most abundant [81], [82]. Collagen type I is found 
throughout the human body, except in cartilaginous tissues. The main difference 
between type I and most of the other collagen types is that collagen type I is a fibrous 
tissue, whereas other collagen types are membrane based [82]. The precise locations 
of various collagen types in the human body is presented in table I [83]–[85].  
 
Table I Collagen types and their corresponding body locations 
Collagen type Main location 
I - heterotrimer Skin, bone, tendon, cornea, lung, liver, 
muscle, teeth, arterial wall, placenta 
I - homotrimer Skin, tumour, tendon, liver, dentine, 
fibroblasts 
II Cartilage, intervertebral disc 
III Skin, aorta, uterus, placental tissues, 
heart, liver, lung, nerve, arterial wall, 
connective tissue of organs 
IV Basement membranes, lens capsule, 
placenta, tumour, aorta 
V Placental tissue, skin, bone, tendon, 
cornea, aorta, nerve, lung, liver, muscle, 
uterus 
VI Blood vessels, uterus, ligament, skin, lung, 
kidney 
VII Skin 
VIII Culture medium from endothelial and 
astrocytoma cells 
IX Cartilage, intervertebral disc 
X Cartilage, calcified cartilage 
XI Cartilage, intervertebral disc 
 
  A common example is the structure of the Achilles tendon consisting of a number of 
hierarchically organised sub-structures between the polypeptide chains and the tendon. 
A schematic representation of a tendon including all the collagen related components    
is shown in Figure 2.4 [86].  
 






Figure 2.4 Hierarchical organisation of collagen substructures in a tendon. The figure is 
adapted from Kastelic et al., 1980 [86].  
 
  Type I collagen is biologically synthesized by transcription from the DNA sequences of 
the collagen α1(I) gene and the collagen α2(I) gene into procollagen pre-mRNA. 
Processing of the mRNA forms the pro-α1(I) mRNA and pro-α2(I) mRNA. Translation 
and cleavage of the signal peptides facilitates the formation of type I collagen precursor 
molecules, which consist of single stranded pro α-chains with a molecular mass of 
~150000. The molecular mass is dimensionless and often expressed as the mass of 
one molecule divided by 1/12 of the mass of one atom of the isotope 12C. Enzymatic 
hydroxylation of some proline residues and glycosylation initiates helix formation. The 
triple helical procollagen molecule with a molecular mass of ~450000 is formed, which 
is secreted to the extracellular matrix [83]–[85]. Forming larger structures, the molecular 
mass increases which results in an increase of the inter-molecular forces taking place. 
  The procollagen triple helix accommodates a globular C- and a trimeric N-propeptide 
[83]. The role of the C- and N-propeptide is to control the aggregation of collagen triple 
helices in vivo [87]. In the extracellular matrix of the cell the propeptides are 
enzymatically separated by procollagen N- and C-proteinases to provide the triple helix 
with a molecular mass of ~300000 [83]. The collagen triple helix that is formed known 
as tropocollagen has a length of approximately 300 nm and a diameter of 1.5 nm. A 
schematic representation of the procollagen and tropocollagen structures are visualized 
in Figure 2.5 [80]. 






Figure 2.5 Schematic representation of the procollagen triple helix and the C- and N-
terminal propeptides, which are enzymatically cleaved.  
 
  The removal of the non-helical propeptides initiates the formation of tropocollagen 
molecules which in turn initiate self-assembly of the triple helical structures, leading to 
the generation of collagen fibrils. Ultimately, enzymatic deamination of lysine and 
hydroxylysine residues and formation of aldehyde groups will occur. The aldehyde 
groups subsequently react with amine functionalized amino acid residues to supply with 
covalent cross-links both at the intra- and interhelical level resulting in the stabilization 
of the collagen fibrils. 
  Collagen is resistant to enzymatic degradation, which is related to its structural 
function in the body. However, collagenase is an enzyme that can cause degradation of 
assembled collagenous structures [84]. When collagen-based materials are used for 
implantantion purposes, high structural stability can be achieved by cross-linking. 
Cross-linking can take place at specific locations in collagen, forming covalent bonds 
between structural elements. It is also taking place in vivo and has a significant effect 
on the ageing of collagen-rich tissues such as skin and ligaments. Another important 
impact of cross-linking is the prominent change in the mechanical properties of collagen 
leading to enhanced stiffness and strength. Therefore, the effect of different cross-
linking agents on the mechanical properties of collagen seems promising but still not 
well understood. 
  Its biocompatibility and biodegradability makes collagen an appropriate material for 
biomedical applications [82]. The non-helical telopeptide structures composing the C-




 and N- terminal residues of the triple helix are the only parts of the triple helix that can 
be corrupted by proteinases other than the collagen-specific collagenase [88]. 
  Collagen-based biomaterials have been extensively used in cardiovascular surgery, 
plastic surgery, orthopaedics, neurology and ophthalmology. Collagen as a biomaterial 
shows several advantages [82]: 
 high availability and easy isolation and purification from tissues 
 non-antigenic, biodegradable and bioresorbable 
 non-toxic and highly biocompatible for medical applications 
 high tensile strength and stiffness 
 its functional groups enable chemical modification 
 biodegradability can be controlled by cross-linking 
 can be combined with synthetic polymers or hard inorganic biomaterials to form 
biocomposites. 
  However, there are also some disadvantages [82]: 
 there is a batch-to-batch variation in quality of isolated collagen fibres 
 hydrophilicity leading to swelling 
 handling is difficult compared to other organic polymers. 
 
2.2.1 Primary and secondary structure of collagen – peptide chain 
  The primary structure of collagen consists of a polypeptide chain which is a linear 
arrangement of α-amino acids. In collagen, the most common repeated triplet is Gly - X 
- Y, where Gly, X and Y indicate glycine, proline and hydroxyproline residues 
respectively. Proline and hydoxyproline regulate the chain conformation locally due to 
the rigidity and stability of their ring structures [89]. The peptide chains contain 
approximately ~1000 α-amino acid residues and form left-handed helical structures [90]. 
The chemical structure of the triplet sequence can be seen in Figure 2.6. 







Figure 2.6 Chemical structure of the main triplet sequence (Gly-Pr-HyP) found in 
collagen. 
 
2.2.2 Tertiary structure of collagen – Triple helix 
  The triple helix is composed of three peptide chains where the C- and N-terminal 
residues of each chain are aligned [89]. Collagen type I triple helix is made of two α1-
chains and a α2-chain [82]. It is stabilized by the presence of hydrogen bonding 
between the N-H of the glycine residues of one chain and C=O of the proline residues 
of another chain as shown in Figure 2.6. Each single peptide chain with a left-handed 
helical configuration interacts with the other two chains to form triple helices with a right-
handed configuration [89]. After extraction of the propeptides by C- and N-proteinases, 
the collagen triple helices self-assemble into collagen fibrils. The extraordinary stability 
of the triple helix has been attributed to several factors, such as: 
 Intra- and inter-helical hydrogen bonding network, including water-mediated 
hydrogen bonds. 
 The important effect of the hydroxyl group of (hydroxy)proline residues. 
 The asymmetric nature of the triple helix, composed of two α1-chains and one 
α2-chain.






Figure 2.7 Hydrogen bonding network between peptide chains in a triple helix based on 
the triplet sequence Gly-Pr-Hyp [91]. Black dashed lines indicated by black arrows 
represent hydrogen bonds. 
 
2.2.3 Stabilization of triple helix 
2.2.3.1 Hydrogen bonding   
  Two types of hydrogen bonding can effectively stabilize the triple helical structure: 1. 
intra-chain hydrogen bonding and 2. water-mediated hydrogen bonding. It has been 
shown that hydroxyproline plays a fundamental role by promoting the development of 
intra- and inter-chain hydrogen bonds through H2O bridges [92][93]. Each Gly-X-Y 
triplet, where X and Y represent proline and hydroxyproline respectively, contains up to 
six water molecules at low hydration levels [94]. Thus, an extensive hydrogen bonding 
network at the outside of the collagen triple helix [95]. The existence of this network has 
been validated by thermodynamic analysis [96] and X-ray data obtained from model 
peptides [97]–[99]. 
  
2.2.3.2 Effect of proline/hydroxyproline residues 
  The stabilization of triple helices in collagen via hydrogen bonding is limited, due to the 
fact that the (hydroxy)proline residues of the three peptide chains cannot participate as 
hydrogen bond donors. The existence of a secondary hydrogen bonding network, 
mediated by water bridges still remains elusive. The denaturation temperature of 
collagenous proteins seems to be driven by the existent amount of pyrrolidine (proline 
plus hydroxyproline) in the protein [100]. In addition, strong doubts emerged whether 
stabilization of the triple helix can occur only by water-mediated hydrogen bonds due to




 the high entropic cost of producing and maintaining approximately 500 water molecules 
in the water layer surrounding the triple helix [100][101]. Another significant contribution 
to the stabilization of the triple helix is considered to originate from the three 
dimensional structure of the helix and from non-bonded interactions of the 
proline/hydroxyproline imino rings [93].  
  Recently, it was stated that an effect of the OH group of the hydroxyproline residues 
was observed from the denaturation temperatures of various model peptides: (Pr-Pr-
Gly)10, (Pr-Hyp-Gly)10 and (Pr-Flp-Gly)10, where Flp is denoted as 4-fluoroproline. The 
fluorine atom induces a stronger impact than the hydroxyl group and thus favours the 
transconformation of the 4-Fluoroproline residue in the collagen triple helix. The 
denaturation temperature of triple helices containing the sequence (Pr-Flp-Gly)10 was 
found to be 50°C higher than that of the peptide with the sequence (Pr-Pr-Gly)10. For the 
peptide with the sequence (Pr-Hyp-Gly)10 a denaturation temperature 28°C higher than 
that of (Pr-Pr-Gly)10 was observed [101]. 
 
2.2.3.3 Asymmetry of the triple helix 
  The effect of the hydroxyl group of hydroxyproline to the stabilization of the triple helix 
was disputed in a research paper by Miles et al [96]. They claimed that the asymmetry 
of collagen type I triple helix has an important contribution to its stability. The main  
argumentation used in the hydroxyproline effect model was the high energetic 
requirement of the water-mediated hydrogen bonding network which was finally 
overcome by pointing out the high denaturation enthalpy level of collagen (70 J/g) 
compared to other proteins (20 J/g) [96]. Heating and mixing of (Pr-Pr-Gly)10 and (Pr-
Hyp-Gly)10 peptides leads to the formation of a mixture of triple helices that could be 
isolated by High Performance Liquid Chromatography (HPLC). It was also observed 
that by increasing the portion of (Pr-Hyp-Gly)10 in the samples, an approximately linear 
increase in the melting temperature from [(Pr-Pr-Gly)10]3 at 45°C to [(Pr-Hyp-Gly)10]3 at 
65°C took place. However, the melting enthalpy showed a non-linear increase reaching 
a maximum when the ratio of (Pr-Pr-Gly)10 to (Pr-Hyp-Gly)10 was 1:2.  
  Nuclear Magnetic Resonance (NMR) investigation on these mixtures indicated that the 
packing of the triple helices is asymmetric and that the (Pr-Hyp-Gly)10 chain is moved to 
the side of the C-terminal residues of the triple helix, providing favourable conditions for 
hydrogen bonding between the chains [102]. An additional factor contributing to the 
stability of the helices is the formation of internal hydrogen bonds in collagen triple 
helices between Gly-amide (N-H) and (HyP)Pr-amide (C=O) groups. Due to the weak 
nature of these interactions, it is difficult to consider them for the high levels of 




denaturation enthalpy. Thus, it is deduced that further stabilization of the triple helix 
results from water molecules interacting with the surface of the triple helix [102]. 
  To summarize the concluding remarks regarding the stabilization of the triple helix: 
water-mediated hydrogen bonding network via water molecules surrounding the triple 
helix was considered important for the stability of the triple helix. However, the 
contribution of this hydration network to the stabilization of the triple helix was strongly 
questioned due to the high entropic cost of such a network. The non-bonded 
interactions of the imino rings and the effect of the hydroxygroup of hydroxyproline were 
believed to contribute significantly to the stability of the triple helix. More recently, the 
asymmetry of the triple helix was also found to provide stabilization to the triple helix by 
facilitating a more efficient hydrogen bonding network with water molecules surrounding 
the triple helices.  
 
2.2.4 Microfibril structure 
  Collagen triple helices aggregate to form bigger structures, called fibrils. The '’five 
stranded microfibril model'’ of Smith [103] consists of an assembly of five triple helices, 
aggregated in a staggered manner. A cross section of the collagen microfibril can be 




Figure 2.8 2D schematic representation of the cross-section of a microfibril. The five 
triple helices are organized in a staggered manner in the lateral direction of the 
microfibril [103]. Adapted and modified from Nature, J.W. Smith, vol. 219, pp. 157–158, 
@1968 with permission. Nature Publishing Group (license number 3933560942961). 
 




  Upon negative staining using solutions of heavy metal salts, collagen shows a series 
of dark and light bands which are observed under the electron microscope [104]. As a 
result, different staining intensities correspond to different chemical environments that 
are present. The stain is present only in the gap region providing a dark band and thus 
the overlap region appears as a light band [90]. The distance of gap and overlap 
regions is called the D-period and is found to be 67 nm wide.  
  Despite the difficulty to observe the microfibril structure by conventional light 
microscopy, atomic force microscopy (AFM) and electron microscopy (EM) studies on 
corneal fibrils have verified the existence of these regions [105]–[107]. Within the 
microfibril structure, each triple helix is separated by distances of ~40 nm (0.6 D) from 
its neighbouring triple helix in the longitudinal direction of the microfibril. The structure of 




Figure 2.9 2-D schematic representation of the aggregation of five triple helices in a 
left-handed conformation forming the collagen microfibril [104], [108]. The D-period, a 
67 nm long periodic banding pattern, consists of overlap regions (~27 nm long each) 
and gap regions (~40 nm long each). 
 
  2.2.4.1 Water-mediated hydrogen bonding between triple helices 
  It was previously shown that hydrogen bonds are very important for the assembly and 
stability of the three α-amino acid peptide chains forming the triple helix and that water-
mediated hydrogen bonding between triple helices stabilizes the structure. This section 




is devoted to the interactions occuring between triple helices in the aggregation of triple 
helices into microfibrils.  
  Numerous biomaterials experience strong forces related to water-mediated hydrogen 
bonding between molecules. These forces have been assigned to a hydrogen-bonding 
network of water molecules at the molecular surface. Similar types of forces have been 
also observed among collagen type I triple helices in water [109]. It has been calculated 
that the necessary amount of energy to initiate aggregation of collagen triple helices into 
a microfibril structure is approximately 2.5 kB·T [110]. The net force between triple 
helices was measured by applying osmotic stress upon variation of the temperature, pH 
and concentration of added hydrogen bond competing molecules (e.g. alcohols). After 
separating the attraction forces that contribute to fibre assembly from the repulsion 
forces, it was observed that hydrophobic interactions between the triple helices were 
negligible. Instead, the presence of water-mediated hydrogen bonding among polar 
residues at the triple helices was considered more prominent to promote fibre assembly 
[111]. 
 
2.2.4.2 Various non-covalent interactions between triple helices 
  There are other studies based on model peptides that provided a different explanation 
with regards to the attracting forces among triple helices that lead to the formation of 
microfibrils. A microfibril model polypeptide that consisted of an aggregate of five triple 
helices with the sequence (3(Gly-Pr-Hyp)105), was prepared using molecular modelling. 
The amino acid residues in the model were then replaced by the known amino acid 
sequence found in native collagen. The model was based on the bovine collagen type I 
sequence and was also energy minimized to investigate the D-staggered aggregation of 
the triple helices.  
  After studying the hydrophobic and hydrophilic parts of the microfibril, it was observed 
that the part containing the hydrophobic residues resembles more the collagen triple 
helix compared to the part containing the hydrophilic residues. This finding suggests a 
contribution of hydrophobic interactions to the stabilization of the microfibril [112], which 
is in contradiction to the observations described in the previous section 2.2.4.1. Another 
study, showed that non-bonded van der Waals interactions are significant for the 
formation of microfibrils and electrostatic interactions can effectively stabilize the 
microfibril structure and regulate the route by which triple helices are organized [113]. 
 
2.2.5 Subfibril structure 
  Both longitudinal and lateral aggregation of microfibrils can lead to the formation of 
fibrils. However, the appearance of an intermediate structure is sometimes reported in 




literature. In 1980, Kastelic and Baer reported that the aggregation of triple helices into 
a collagen fibril involves three hierarchical substructures [86]. These substructures are: 
the collagen triple helix, the microfibril containing five triple helices in cross section and 
a tetragonal lattice of microfibrils potentially forming subfibrils. The concept of subfibrils 
had been proposed in 1964, but it was only recently when scientific evidence became 
available via EM and AFM experiments. Nevertheless, AFM imaging during aggregation 
of collagen triple helices in solution upon pH and temperature variation, did not confirm 
the presence of any subfibril structure among microfibrils and fibrils [114]. The internal 
structure of fibrils is not always observable in electron microscopy images and in some 
occasions, the fibrils were found to form by fibre-like structures, called subfibrils. These 
subfibrils also showed a characteristic D-banding pattern. The thinnest subfibrils were 
found to have a thickness of ~4 nm, which is close to the thickness of a microfibril (~3.5 
nm). Despite the difficulty to distinguish between a subfibril and a microfibril structure at 
this extreme where thicknesses are very similar, it is thought that subfibrils of different 
thicknesses can originate due to aggregation of microfibrils. The internal organisation 
can be different, resulting in the formation of collagen fibrils with either spiral or 
chequered banding patterns. The width variation of the subfibrils can cause additional 




Figure 2.10 Schematic representation of spiral banded fibrils showing subfibrils with 
different widths and a constant D-period. The 4 nm width is assigned to the microfibril 
structure. Adapted from J. Supramol. Struct., K.A. Piez and A. Miller, ©1974 [115]. 
 
  Despite the high number of scientific papers reporting on the process by which 
collagen triple helices self-assemble, the precise mechanism is still far from being well 
understood. Scientists use the aggregation of triple helices in solution to investigate the 
self-assembly process, which is known as fibrillogenesis. At low pH in these solutions,




 single collagen triple helices remain in equilibrium with aggregates of size ranging 
between 5 to 17 triple helices and 2 to 3 triple helices in length [116]. AFM imaging 
studies of collagen structures have shown that the smallest aggregates have diameters 
in the range of 5-9 nm, with a characteristic 67 nm banding pattern (D-period) and are 
defined as microfibrils or subfibrils [117][118]. 
 
2.2.6 Fibril 
  Collagen fibrils originate from the aggregation of collagen microfibrils or subfibrils. 
These fibrils have a cylindrical shape and a diameter of 10-500 nm [119][120]. The 
structural models for the collagen fibril are generated through transformation of the 2D 
assembly of triple helices via microfibrils or subfibrils into a 3D model [121]. One model 
considers the lateral packing of the collagen fibril as liquid-like structure [122], while the 
alternative model describes a crystalline nature of the fibril's structure. Hence, the triple 
helices are well organised in microfibrils or subfibrils and then these structures build up 
the collagen fibrils (see Fig 2.4) [121]. The quasi-hexagonal fibril model is illustrated in 




Figure 2.11 Molecular arrangement in collagen fibrils. (a) Transverse section of the 
quasi-hexagonal packing model showing molecules in a section of thickness equal to 
the D repeat. Segments 5 (in black) are arranged in concentric layers separated by a 
distance of 4 nm. (b) Enlarged view of the boxed area in (a) showing molecules 
grouped together in the form of microfibrils. Molecular segments are indicated in groups 
of five, corresponding to individual microfibrils in transverse section (orange parts). 
Adapted from Journal of Structural Biology, D.J.S. Hulmes, vol. 137, pp. 2-10, ©2002 
with permission [122]. Elsevier Copyright Clearance Center (license number 
3933641278988). 




  From Figure 2.11, it can be observed that the packing density of the triple helices is 
very high and thus the microfibril structural organization within the fibrils is missing in 
this particular model. 
  Combining these two structural models resulted in a different model, where the 'Smith' 
microfibril model (see Fig 2.8 and 2.9) containing five triple helices in the unit cell, was 
compressed to provide a quasi-hexagonal lattice of the microfibrils in cross-section, 
which is in good agreement with the structure illustrated in Figure 2.11 [123].  
 
2.2.6.1 Model containing microfibril structures 
  In the microfibril related model, the five triple helices are freely oriented in the gap 
region due to their staggered organisation, while in the overlap region they are packed 
in a compact manner [108]. Electron tomography studies on the three-dimensional 
organisation of microfibrils in corneal collagen fibrils, showed that the 4 nm thick 
microfibrils are tilted by ~15° towards the axial direction of the 36 nm thick fibrils. This 
microfibril aggregation results in a right-handed helical conformation [124].  
  The overlap region of the fibrils is considered to consist of highly ordered triple helical 
domains, which are connected together by more disordered domains, which are present 
in the gap region. The chains in the gap region show a more prominent mobility due to 
higher amount of water, lower packing density and lower amount of hydroxyproline and 
aromatic residues [125], [126]. Higher mobility in the telopeptide regions results in more 
pronounced orientation freedom. This could cause deviation in direction of the triple 
helices from the quasi-hexagonal packing [125], [126]. 
  The quasi-hexagonal packing of triple helices into a fibril without the occurrence of any 
intermediate microfibrillar structures has been proposed by Hulmes et al [127]. The 
characteristic D-banding pattern is present in the axial direction due to the staggered 
order of the triple helices, while the packing of the triple helices is less ordered in the 
lateral direction. Modelling of the collagen fibril structure with a diameter of 100 nm was 
performed by stacking approximately 3800-4000 triple helices (with a diameter of 1.08 
nm) per cross section across the overlap region. Energy calculations have revealed two 
possible conformations: a crystalline quasi-hexagonal packing and a liquid-like 
disordered one.  The quasi-crystalline models for collagen fibrils do not consider the 
presence of helical arrangements of subfibrils or microfibrils inside the collagen fibril. X-
ray structural studies of collagen from skin, cornea, ligaments and interstitial connective 
tissue have revealed the consistency of helical arrangements, related to the uniform 
diameter of the subfibrils [121]. 
 




2.2.6.2 Model providing flexibility of triple helices inside the collagen fibril  
  The degree of flexibility of collagen triple helices in higher order structures has been 
investigated by solid state NMR. A reconstituted collagen fibre made of fibrils which 
were labelled via inclusion of 13C-containing glycine residues, were investigated by 13C-
NMR relaxation experiments to investigate the dynamics of the collagen triple helix 
peptide backbone structure. It was observed that the peptide backbone motion was 
segmental due to the smaller times compared to the ones calculated for the motion of 
the entire molecule, while the side chains of the amino acid residues in the peptide 
showed prominent flexibility. The molecular flexibility of the backbone of the triple 
helices can facilitate small conformational changes during tension and thus permit a 
uniform stress distribution [128].  
  In another NMR study, 13C-functionalized collagen fibrils were investigated to 
determine the mobility of triple helices inside the fibril. It was deduced that rapid axial 
motion can occur and thus enable reorientation of the triple helices within the collagen 
fibril. Hence, the highly organised packing of triple helices within a fibril was questioned 
and a liquid-crystalline model describing the organisation of triple helices inside the fibril 
could explain the rotational freedom of these triple helices [129]. This rotational freedom 
of collagen triple helices inside the fibril indicated by NMR studies, suggests that the 
models of assembly of subfibrils or microfibrils into fibrils provide structural 
conformations with a high crystalline content. However, these structural models are 
mainly based on X-ray diffraction studies, which do not reveal any information regarding 
the amorphous content of the fibril [121]. To explain this discrepancy, a new model 
based on liquid-crystalline properties was developed. Highly concentrated solutions of 
triple helices in acetic acid showed liquid-crystalline ordering upon illumination with 
polarized light. Neutralization using ammonia vapour resulted in the formation of 
collagen fibrils, containing the same liquid-crystalline order [130].  
  In another study performed by Hulmes [122], it was suggested that the liquid-
crystalline behaviour does not take place in collagen triple helix aggregates, but in the 
procollagen before enzymatic processing. The liquid-crystalline order is considered to 
take place close to the cell surface and further transformation of procollagen into 
collagen by enzymatic cleavage of the N- and C-propeptides initiates fibrillogenesis, 
which provides the pre-organisation of the triple helices [122]. 
  In a different study conducted by Gutsmann et al. [131], the authors made a series of 
interesting AFM observations: (a) fibrils crossing other fibrils on a surface indicate 
flattening, (b) when fibrils turn in orientation, buckling of the fibril takes place instead of 
loop formation, (c) fibrils can be also laterally compressed and when overlapping each 
other, they can fold over themselves fibril. Moreover, AFM imaging indicated a height to 




width ratio of 1:4 for flat single fibrils. It was also suggested that the fibril structure 
contains a hard shell and a weaker core. When the fibril experiences high stresses, the 
outer shell may rupture, thus allowing the soft core intact for repair of the outer surface 
[131]. 
  Overall, each fibril model is a trade-off without considering all possible structural 
evidence. As a general observation, it can be claimed that X-ray diffraction studies 
show a better correlation to the quasi-crystalline models, while morphological studies 
corroborate with the microfibril-based models [121]. 
 
2.2.7 Fibrillogenesis 
2.2.7.1 Mechanisms of fibrillogenesis 
  Type I collagen triple helices (tropocollagen) can be extracted and isolated at low pH 
and at low temperatures (approximately 0°C) from young tissues (tendon, skin). Upon 
temperature or pH increase to 7, triple helices spontaneously form fibrils [132]. This 
process known as fibrillogenesis, was found to take place both in vitro and in vivo, and 
is driven by the structural properties of the triple helices. As a result, fibrils with the 
characteristic D-period banding are formed [133]. The mechanism of fibrillogenesis has 
been extensively studied in numerous scientific reports.  
  These studies have shown that the self-assembly of triple helices into fibrils is an 
entropy-based process [133] and that the necessary information that regulates 
fibrillogenesis is located in the telopeptides and the regions with low content in 
(hydroxy)-proline residues at around 0.4D distance from the end points of the triple 
helices [134]. The initiation and rate of fibrillogenesis and the resulting collagen fibril 
size depend on pH, temperature, and ionic strength of the acetic acid solution used to 
produce collagen [135],[136].  
  The formation of collagen fibrils at neutral pH is accompagnied by a nucleation stage 
and the growth phase. Turbidity measurements (light scattering from particles in 
solution) on the kinetics of collagen precipitation have indicated that the nucleation 
phase is temperature dependent, while the growth phase is temperature independent. 
In addition, it was observed that the activation energy of the nucleation reaction 
remained constant as a function of increased temperature [137].  
  AFM imaging has been used to probe the presence of intermediate structures during 
fibrillogenesis. AFM coupled to other analytical techniques, such as light scattering and 
X-ray diffraction, provided important information regarding the process. Increasing the 
temperature of triple helix solution above 4°C, the initially present monomeric triple 
helices and small aggregates (dimers and trimers) form short microfibrils of ~2 nm in 
diameter and ~1.5 μm in length. After ~10 min, the growth phase started with long and 




flexibe microfibrils of 4-10 nm in diameter and tens of micrometers in length appearing. 
Further grow of these structures in length and diameter results in the formation of fibrils 
with the 67 nm D-period present. The assembly process based on the AFM images is 




Figure 2.12 Schematic represenation of collagen fibrillogenesis model proposed based 
on AFM images of intermediate structures during self-assembly of triple helices. 
Adapted from Physica A, M.C. Goh, M.F. Paige, M.A. Gale, I. Yadegari, M. Edirisinghe, 
J. Strzelczyk., vol. 239, pp. 95-102, ©1997 with permission [138]. Elsevier Copyright 
Clearance Center (license number 3933571198885). 
 
2.2.7.2 Fibrillogenesis - interactions 
  Collagen fibrillogenesis has been investigated by studying the interaction among 
collagen triple helices in fibres using osmotic stress and X-ray diffraction. It was found 
that ionic and hydrophobic interactions between non-polar amino acid chains are not 
the prominent regulating forces of fibrillogenesis. Instead, the process of fibrillogenesis 
is dependent on the formation of a water-mediated hydrogen bonding network between 
collagen triple helices. Moreover, sugar molecules and polyols were also considered as 
potential inhibitors of fibrillogenesis due to the their competing nature with water 
bridges. The incorporation of the co-solvent seems to depend on the solvent structure 
which also controls hydrogen-bonding in the solvent [139].  
  Fibrillogenesis has been modelled using an algorithm known as diffusion-limited 
aggregation (DLA) to simulate the aggregation process of collagen triple helices into 
fibrils. Collagen molecules are considered here as long rod-shaped particles made up of 




three peptide chains. DLA is employed to study various aggregation processes where 
the binding site gradually develops as the size of aggregates increases. The main 
findings demonstrated that short overlaps of the rods were seen in the aggregates and 
the structure of the rods had little influence on the final morphology of the aggregate 
[140]. 
  In another diffusion limited aggregation model, the aggregation of rod-shape particles 
from solution was investigated. Similar to the previous study, particular interactions 
between rods did not show to have a significant impact on the final fibril morphology. It 
was found that the packing density was not affected by the overall shape of the 
collagen fibril. As a result, it was suggested that the final fibril morphology is mainly 
driven by the aggregation of rod-like particles from solution. Moreover, specific 
collagen-collagen interactions do not play an important role in the fibril morphology, but 
may contribute to the alignment of the triple helices during growth inside the fibril and 
also to the maintainance the fibril's stability [141]. 
 
2.2.7.3 Fibrillogenesis – effect on telopeptides 
  The telopeptides of tropocollagen are removed by enzymatic treatment using pepsin or 
pronase and subsequent increase of the nucleation time during fibrillogenesis is 
observed. Electron microscopy showed that fibrils that are formed from pronase treated 
triple helices are found to have relatively less prominent D-banding compared to non-
treated triple helices [137]. Collagen triple helices treated with pepsin can form fibrils 
with a characteristic D-banding period, but the rate of fibrillogenesis is decreased. 
Moreover, treating the triple helices with pronase over a longer period (>20h), the D-
banding pattern was not present in the fibrils formed, due to the occurrence of 
cleavages within the triple helical domain. This observation indicated the prominent role 
of telopeptides in fibrillogenesis, whereas fibril assembly is mainly driven by triple helical 
domains [142]. 
 
2.2.7.4 Fibril growth 
  Lateral packing of collagen fibrils during in vitro fibrillogenesis promotes growth of both 
length and diameter. Collagen fibrils were found to grow in length via monomer addition 
occurred in three distinct binding sites: (a) tapered fibril tips were found to be the site 
with the highest affinity of monomer (triple helices) binding, (b) the main fibril shaft 
showed low affinity for triple helical binding and (c) the blund end of the collagen fibril 
had an intermediate affinity with respect to monomer binding. As a result, the proposed 
model described the presence of an intermediate structure that controls the addition of 
triple helices to the tapered fibril tip, but at the same time limits the diameter of the








Figure 2.13 Schematic represenation showing the binding of triple helices to a growing 
collagen fibril. The monomers (triple helices) show a favourable binding at the fibril tips, 
but a lower binding affinity to the shaft of the fibril. Adapted and modified from J. 
Biochem, K.E. Kadler, Y. Hojima, D.J. Prockop, vol. 268, pp. 339-343, ©1990 [143]. 
 
2.2.8 Collagen fibres 
  Fibroblasts can excrete collagen fibrils with an orientation parallel to the direction of 
external stress leading to fibre aggregation. The collagen fibrils inside the fibre are tilted 
resulting in the occurrence of a crimped structure which can be visualized via an optical 
microscope [144]. Further collagen fibre aggregation acts as a builiding block to the 
structural skeleton of various biological tissues such as: tendons, ligaments, bones and 
skin. 
 
2.2.9 Mechanical deformation of collagen 
  Deformation of collagen fibrils can take place via two mechanisms: (a) elongation of 
the triple helices composing the collagen fibrils and (b) sliding of triple helices inside the 
collagen fibril with respect to each other. In both cases, an alteration of the fibril’s D-
banding period occurs.  
 
2.2.9.1 Elongation of triple helical structures 
  Type I collagen triple helices can be represented as an array of rigid blocks separated 
by flexible blocks [145]. The triple helix is stabilized by stiff regions consisted of the Gly-
X-Y sequence to block denaturation of the protein due to mechanical stress. The 
flexible regions of collagen are considered to experience the initial deformation under 
mechanical stress and thus storing elastic energy [145]. Tensile stress on tendon 




showed straightening of small crimps inside the collagen structure at low strain values 
(~1%). This straightening process starts at the fibril and propagates to the triple helix. 
However, X-ray diffraction studies indicated that at sufficiently high strains (>10%) triple 
helices inside the collagen fibril slide past each other, resulting in a permanent 
deformation of the fibrils [146]. Force-extension experiments on collagen triple helix 
were performed by applying a drop of a suspension of collagen triple helices 
aggregates extracted from bovine Achilles tendon on a glass substrate. Similar force-
extension experiments were also performed on a polished piece of rat femur bone. It 
was suggested that sacrificial bonds (weak bonds) within or between collagen triple 
helices break when collagen fibrils are pulled by the AFM tip. When the tip was moved 
back, sacrificial bonds reformed again resulting in more energy dissipation [147]. 
  Finally, it has been shown that the elastic modulus is mainly related to the fibril length, 
and although fibril diameter plays a role, fibril length was considered to be more crucial 
[87]. 
 
2.2.9.2 Sliding of the triple helical structures 
  Sliding of triple helices can take place via two mechanisms: (a) Triple helices parallel 
to the fibre axis can be separated (see Fig. 2.14a) or (b) Laterally adjoining molecules 
can slide with respect to each other (see Fig. 2.14b). In both cases, an increase in the 
collagen D-period is observed [148]. In a creep experiment performed on a bovine 
Achilles tendon, the deformations mechanisms of triple helices, resulting in a change of 
the D-banding pattern, were investigated by X-ray diffraction. 
  Initially, an elongation of triple helices led to an increase in the gap region of the D-
period and slipping of triple helices was seen at a stress value of ~10 MPa . The first 
mechanism was responsible for the main deformation, while the other mechanism 
induced variations in the ratio between the width of the overlap and the width of the gap 
region [148].  
  In a relaxation experiment on native fibres extracted from rat tail tendon, it was 
observed that both stretching and sliding of triple helices took place resulting in 
increasing the D-period. However, the D-period was then retained its equilibrium within 
12 h [149].  
  In another study, calf-skin collagen fibrils were strained to rupture. The collagen D-
period of the fibrils was found to increase with extension and to remain increased after 
fibril rupture. It was stated that the main deformation of the fibril takes place in the polar 
regions of the triple helices, which are poor in (hydroxy)proline residues [150]. 






Figure 2.14 Suggested rearranging mechanism of molecules in a fibril under 
deformation of the fibril. (a) Upper: The Hodge-Petruska model for a fibril at no strain. 
Lower: Gap region extension. Big arrows indicate the collagen molecules. The fibril in 
the schematic is considered to consist of blocks A, B, C, D and E. This rearrangement 
pattern of collagen molecules is characterized by complementrary separating 
movements, parallel to the fibre axis, of blocks A, B, C, D and E. Inside each block, 
there is no variation of the relations between laterally adjoining molecules. The 
schematic shows the state after the complementary displacement of each block. 
Dashed lines indicate C-terminal rows and the dotted lines demonstrate N-terminal rows 
in each schematic. Alterations in the O/D ratio and tilting of the D-period pattern occur. 
(b) Upper: The HodgePetruska model for a fibril at no strain. Lower: Relative slippage 
opposite to laterally adjoining molecules. The molecular column n + 1 slides accross the 
fibre axis to the right in this schematic by a distance of c nm opposite to the nth column, 
where the gap region distance is expected to remain unaltered. The nth column slides 
by c nm against the (n - 1)th column.  Adapted and modified from J. Biomechanics, N. 
Sasaki, S. Odajima, vol. 29, pp. 1131-1136, ©1996 with permission [151]. Elsevier 
Copyright Clearance Center (license number 3933580103425). 
 
2.2.9.3 Effect of cross-linking 
  The cross-link density of collagen fibres (from animals with different ages) appears to 
have no impact on the deformation response, which was primarily assigned to sliding of 
the triple helices before stretching of the telopeptide region. For higher extensions, the 
telopeptides are also stretched, which results in additional deformation and an 




irreversible sliding of triple helices [149]. Possible absence of cross-linking leads to 
slipping of triple helices with respect to each other [152].  
  Overall, both elongation and sliding of triple helices are reported in X-ray investigations 
of tendons and ligaments under mechanical stress. The change in the collagen D-
period resulting from both deformation mechanisms was generally observed, but in 
most cases this change was found not to be permanent. 
  The next sections of this chapter are related to the theoretical background of the main 
experimental techniques used in this work, the relevant instrumentation and detailed 
description of the sample preparation processes followed. 
 
2.3 Raman spectroscopy  
  When the electric field of an oscillating electromagnetic wave passes over a molecule, 
it can distort the electron cloud of the nuclei. This causes perturbation of the electron 
cloud with the same frequency (
0v ) as the electric field of the incident wave. The 
perturbation of the electron cloud enables a periodic charge dissociation within 
molecules, which is known as induced dipole moment. This interaction of the oscillating 
dipole moment of light with the electrons in the molecules that contains information of all 
vibrational and excited states has a very short lifetime and then light is released as 
scattered radiation. 
  During the scattering process, most of the electromagnetic radiation remains 
unchanged giving rise to elastically scattered radiation, a process called Rayleigh 
scattering. However, a small portion of the radiation (<< 1 in 106) may scatter 
inelastically resulting in the so called Raman effect. This inelastic scattering can take 
place in two different ways: (a) the interacting molecule is excited from the ground state 
to a vibrational state and according to the conservation energy law, the photons of the 
scattered radiation have less energy (decrease in frequency) than the incident photons; 
this is called Stokes scattering, (b) an excited molecule returns to its initial ground state 
and the scattered photons now have more energy (increase in frequency) than the 
incident photons; this is known as anti-Stokes scattering. 
  The Raman effect was introduced by the Indian physicist C.V. Raman in 1928 [153] 
and since then it is described by the ‘’classical theory’’ and the ‘’quantum theory’’. 
 
2.3.1 Classical description of Raman scattering  
  The Raman effect can be described by the  interaction of incident radiation of electric 
field E  with a molecule [154]. The incident electromagnetic field induces an electric 
dipole momentP which is described by the following mathematical formula:





                                                    EP                                                                    Eq. 1 
 
where α is the polarizability tensor of the molecule and E is the amplitude of the electric 
field that refers to the incident electromagnetic wave [154]. The polarizability tensor is 
given in equation Eq. 2: 
 


















































                                             Eq. 2 
 
  The polarizability is a fundamental property of molecules and depends on the 
electronic structure and type of chemical bonding. In the case of anisotropic molecules, 
the polarizability can vary with position and interatomic distances and depends mainly 
on the symmetry of the molecule.  
  An electromagnetic wave can be described by the following formula [154]:  
 
                                                     )2cos( 00 tvEE                                                  Eq. 3 
where 
0v  is the frequency of the electromagnetic radiation. From equations Eq.1 and 
Eq. 3, the time dependent electric dipole moment is given by [154]:  
 
                                                    )2cos( 00 tvEP                                                 Eq. 4 
 
  Suppose that a molecule is set in its equilibrium position with its atoms vibrating 
around their equilibrium positions. Any perturbation in the electronic cloud caused by 
the incident electromagnetic wave will induce changes in the relative positions of the 
atoms and as a result in the polarizability. Ιn a molecular bond, the atoms are confined 
to certain vibrational modes with quantized energy levels and the displacement Q  of 
each atom from the equlibrium position is given by the following formula: 
 
                                                 )2cos(0 tvQQ i                                                   Eq. 5 
 
where Q0 is the vibrational amplitude and iv  is the vibrating frequency of the molecule. 




  This variation of the polarizability during the vibrations of the molecule is expressed by 
expanding the polarizability α in a Taylor series [154]: 






                                               Eq. 6 
where 0  is the polarizability at the equilibrium position and  0Q  is the rate of 
change of  as a function of the change inQ , evaluated at the equilibrium position. 
Combining Eq. 5 and Eq. 6, the polarizability is written in the following manner [154]: 
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Thus, the electric dipole moment is given by: 
 







            Eq. 8 
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we obtain [154]: 
 










     Eq. 9 
 
  The above equation shows that an induced dipole moment is found at three 
frequencies: 0v ,  ivv 0  and  ivv 0   which results in scattered radiation at these same 
three frequencies. The first scattered frequency that coincides with the incident 
frequency results in elastic scattering (Rayleigh), while the latter two frequencies are 
shifted to lower or higher frequencies which are related to Stokes and anti-Stokes 
scattering respectively.  
  It is important to note that the necessary condition for a specific vibrational mode to be 
Raman active is to change the polarizability of the molecule and thus 0)/( Q  is non-
zero [154]. If the vibrational mode does not alter the polarizability of the molecule




 significantly, then the derivative will tend to zero and the intensity of the particular mode 
will be weak. 
 
2.3.2 Quantum description of Raman scattering 
  In a quantum approach of the Raman effect, incident radiation that consists of photons 
with frequency 𝜈0 and an equivalent discrete energy of 0hv  (h  represent Planck’s 
constant) can experience two types of collisions with molecules: 
(a) elastic where the energy of incoming photons remains unchanged and thus: 
0hv   
(b) inelastic where the energies of incoming and scattered photon is different. Two 
possible mechanisms can be distinguished for this type of collision: an incoming photon 
is annihilated creating a phonon (a vibrational mode describing atomic motions within 
molecules or crystals) with energy 
ihv  upon interaction with the molecule and a 
scattered photon with energy 
ihvhv 0 . This is called Stokes scattering. Alternatively 
an incoming photon together with a phonon may be annihilated and create a scattered 
photon with energy 
ihvhv 0 . This process is called anti-Stokes scattering. The change 
in energy between the incoming and scattered photon corresponds to the energy of the 
relevant phonon that is involved in the process. 
    Figure 2.15 is a typical schematic representation of both elastic and inelastic 




Figure 2.15 Jablonski diagram showing Rayleigh, Stokes and anti-Stokes scattering as 
a function of photon energy excitation/de-excitation illustrated by the arrows. The 
thickness of the arrows indicate the strength of each process.  




  The elastic scattering (Rayleigh effect) is by orders of magnitude stronger compared to 
the inelastic scattering process (Raman scattering). However, even among the different 
types of inelastic scattering, Stokes scattering appears to be more prominent than anti-
Stokes scattering. At room temperature (298 K), the majority of the population of 
molecules resides in the ground energy state and thus the excitation of these molecules 
to a virtual energy state as well as their relaxation to an excited state will represent a 
Stokes scattering pathway. 
 
The mathematical relation between the wavelength ( ) and frequency (v ) of a photon 
is given by [154]: 
 
                                                        

c
v                                                         Eq. 10 
 
where c  is the speed of light (3x1010 
cm
s





However, the most common parameter that is used in spectroscopy is the 
‘’wavenumber’’ and is defined by the following mathematical formula [154]:  
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with the units of wavenumber given in cm-1. The combination of equations Eq. 10 and 
Eq. 11 show that [154]: 
 





v                                                Eq. 12 
Consequently, the energy of the incoming photon is: 
 






                                                Eq. 13 
 
where h  represents Planck’s constant which is equal to 6.62x10-34 m2
kg
s




  Since the Raman effect is related to the energy change between the incoming and 
scattered photon, this can be equivalently described in terms of a relative Raman shift 
expressed in wavenumber units (cm-1) as deduced from Eq 13. In fact, the spectra 
obtained by most of the Raman spectrometers are represented as Raman  shift (in 
wavenumbers, cm-1) on the x-axis versus intensity (counts or counts/second) on the y-
axis. This Raman shift v is given by the following formula [154]: 
 








                                               Eq. 14 
where 
0  and i  are the wavelengths of the incident and scattered photons expressed 
in nm respectively. 
 
2.3.3 Vibrational modes and Raman band profiles 
  Each atom can move in all three directions (x,y,z) and a molecule that consists of N 
atoms has 3N degrees of freedom of motion. In particular, six degrees of freedom are 
related to the translational motions of the entire molecule in the three directions as well 
as the rotational motions of the entire molecule along the three principal axes of 
rotation. As a result, the remaining degrees of freedom regarding the vibrational 
motions are 3N-6. The latter holds for non-linear molecules. In the case of linear 
molecules, there are 3N-5 vibrational degrees of freedom due to the fact that rotation is 
not occuring along the molecular axis [154].  
  Figure 2.16 is a schematic representation of the vibrational modes (a) and the 




Figure 2.16 (a) Vibrational stretching modes and bending modes in a 2D 
representation. (b) Rotational and translational modes in a 3D representation. 




Vibrational modes that exhibit the same frequency but different vibration direction are 
called degenerate modes. Scissoring, rocking, wagging and twisting represent bending 
modes. 
  All modes can be classified as non-degenerate (1D modes) and degenerate (for 2D 
and 3D modes). The term degenerate is used to demonstrate distinct modes vibrating 
with the same energy.  According to Mulliken symbols, the classification can be done in 
the following way: A and B correspond to single (non-degenerate) modes that are 
symmetric or antisymmetric with regard to the principle rotation axis Cn respectively. 
The symbols E and T are used to express a doubly (2D) and triply (3D) degenerate 
mode. In addition, subscripts of g and u are used to express symmetric and anti-
symmetric modes with regard to the inversion center respectively. Subscripts 1 and 2 
determine the doubly or triply degenerate modes that are symmetric or anti-symmetric 
to the rotation axis Cn.       
 
2.3.3.1 Raman intensity 
  Raman scattering efficiency depends on a variety of parameters contributing to the 
resulting signal. One of the most important parameters is the cross-section  . The 
cross section is proportional to the probability of a laser photon to be inelastically 
scattered as Raman shifted photon and it strongly depends on the change of 
polarizability Q / . The unit of cross section is usually cm2/molecule [155]. The 
other factors that contribute to the Raman signal are: collection geometry, polarization 
and the wavelength of the laser light. However, the cross section seems to play a key 
role in determining the intensity of the scattered light due to the fact that it is related to 
individual vibrations.  
  The Raman intensity is given by the following relation [155]: 
 
                                                    
ZiR DdII 0                                      Eq. 15 
 
where, RI  and 0I  are the Raman and laser intensity respectively in watts, i  is the 
cross section, D is the density of scatters and Zd  is the path length of the laser light 
within the sample. It is noted that 
i  is equal to
4
00 )
~~( ii vv  , where 0i  is a 
frequency-independent cross section and )~~( 0 ivv  is the absolute frequency of the 
scattered light in wavenumbers [155]. As a result, equation Eq.15 becomes: 




                                            ZiiR DdvvII
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However, the above equation is related to laser power measured in watts, but due to 
the fact that modern spectrometers use photon counts, it makes more sense to 
introduce units in photon by dividing equation 16 with the energy expression 
)~~( 0 ivvhc  . As a result, an expression is derived in the following manner [155]: 
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where RP and 0P  are the Raman and laser intensity respectively in photons/seconds. 
 
It is known that the spectrum collection geometry can significantly affect the Raman 
intensity and consequently it seems reasonable to measure the cross section along 
each sample direction. In reality, such measurements are not performed and instead 
the differential Raman cross section (β) is used, defined as the cross section applied to 
the solid angle of collection Ω: 
 




d i                                                        Eq. 18 
 
2.3.3.2 Raman line broadening – origin of band width 
  The nature of Raman lines plays a crucial role during processing and interpretation of 
Raman spectra. Hence, understanding the underlying physics of Raman transitions is 
crucial when one tries to analyze Raman data in a meaningful way. According to Meier, 
a simple way to extract the true Raman profile is by solving the motion equation of the 
harmonic oscillator model driven by a sinusoidally oscillating force and subject to a 
friction, which leads to a Lorentzian type profile [156]. This profile type only refers to the 
physical interactions (collisions between molecules) in the system ignoring other factors 
that can additionally contribute to the line broadening [156].  
  It has been also stated that groups of molecules can vibrate coherently for some time 
after excitation [157]. However, this coherence may vanish through randomization of the 
surrounding environment. The rate by which this randomization process takes place is 
characterized by a correlation time tC. The excitation itself decays via energy relaxation, 
characterized by lifetime tA [157]. Two opposite cases can be evaluated: (a) the case 
where the energy relaxation is fast with respect to the motion of the environment (tC>tA), 
which is approximately static during the vibration and the profile takes a Gaussian 




profile and (b) the case where the excitation decay is much slower compared to the time 
for motion in the environment ( tC<tA ) and the profile appears to be Lorentzian [157]. 
The first case is usually dominant in solids, while the second is very prominent in gases. 
In liquids, the true line shape usually lies between the two limits [157]. 
  However, other phenomena such as strong intermolecular interactions, Doppler 
broadening and/or broadening due to the use of a grating spectrometer with an 
incorporated entrance slit used to disperse the collected Raman light onto the grating 
mirror and subsequently on the CCD detector can also occur, resulting in a Gaussian 
broadening [156]. Hence, the resulting Raman profile will be a convolution of both 
Lorentzian and Gaussian profiles, known as Voigt [156]. In principle, the underlying 
physics state that the Raman profile always follows a Voigt profile, but very often it is 
observed that some specific mechanisms dominate against others resulting in a final 
profile that resembles more a pure Gaussian or a pure Lorentzian.  
 
2.3.4 Raman spectroscopy configuration 
 The typical Raman configuration used in a wide range of spectroscopic experiments is 
displayed below in Figure 2.17. The left side (two smaller squares) represents the laser 
excitation source with various optics to enable illumination of the sample. The right side 




Figure 2.17 Schematic illustration of a typical Raman equipment containing a diffraction 
grating.




  Monochromatic light in the visible region (532 nm) is driven via an optical path of 
various mirrors and focused on the sample of interest through an objective lens. Upon 
interaction with the sample, scattered radiation is generated and collected through the 
same objective lens. A notch filter is then used to reject most of the Rayleigh light 
(elastically scattered light) and the Raman light (inelastically scattered light at different 
frequency) propagates through an entrance slit and mirror on the diffraction grating. The 
role of the diffraction grating is to separate the light into its constituents (different 
wavelengths), which are then dispersed onto the CCD detector via another mirror to 
generate the Raman spectrum.  
 
2.3.5 Raman instrumentation 
  The Raman experiments on collagen fibers (presented in Chapter 5) as well as those 
regarding the characterization of titanium substituted hydroxyapatite (presented in 
Chapter 4) were pursued using the micro-Raman instrument in the Department of 
Physics at the University of York, UK. The system is a Horiba XPLORA Raman 
microscope that comprises three different laser excitations (532, 638 and 785 nm) with 
correlated filters for fine power tuning. The spectrometer contains four different 
diffraction grating components (600, 1200, 1800, 2400 grooves/mm) that disperse the 
scattered light onto a silicon CCD detector (1650x200 pixels) to generate the Raman 
spectra. The focal length of the spectrometer was 200 mm. 
  In addition, an Olympus BX41 microscope with a C-MOS sensor (1280x1024 pixels) is 
coupled to the system for light microscopy imaging under different magnification 
objective lenses (10x, 50x and 100x). Using 50x objective lens and a 1800 or 2400 
grooves/mm diffraction grating, a spectral resolution of ~3 or 1.5 cm-1 can be achieved 
respectively with a beam spot size of ~1-1.5 μm in diameter. Laser power was kept 
between 3-6 mW for all experiments. The spectrometer is calibrated for its wavelength 
accuracy prior to each experiment for all lasers and gratings by using a small piece of 
bulk silicon (Si) with a known Raman band at 520 cm-1. All spectra were taken using 
1800 grooves/mm unless otherwise stated.  
  In-situ Raman experiments on the crystallization of amorphous calcium phosphate 
(presented in Chapter 3) were performed at the Andalucian Institute for Earth Sciences 
(Crystallography Laboratory) in Granada, Spain. A LabRAM-HR (Jobin–Yvon, Horiba) 
system was used with a CCD detector (1064x256 pixels) for the generation of the 
Raman spectra. In this case, spectra were recorded using 50x objective lens (~1-1.5 
μm beam spot size) and 600 grooves/mm grating with a spectral resolution of 3-4 cm-1. 
Spectrometer calibration was also performed before the experiments using bulk silicon 
(Si). The focal length of the spectrometer was 800 mm.  




2.3.6 The effect of fluorescence 
  Sample impurities and/or organic matter are capable of absorbing laser radiation and 
re-emitting as fluorescence. Fluorescence takes place when electrons in molecules are 
excited to electronic states (instead of virtual states as in Raman) and relaxed back to 
lower energy states by the radiative emission of photons. The emitted light is usually of 
lower energy and thus of longer wavelength [154].  
  During Raman scattering, fluorescence can strongly affect the Raman spectra due to 
the fact that the Raman signal is significantly weaker compared to fluorescence. There 
are some ways to decrease the fluorescence effect during Raman experimentation, 
such as: (a) if it is caused from impurities in the sample, a more powerful laser light can 
cause photobleaching that can effectively reduce the background observed on the 
Raman spectra and (b) if the sample itself fluoresces, then by choosing alternative 
excitation sources of higher wavelength, fluorescence may be significantly decreased or 
even eliminated [154].  
  The main differences between fluorescence and Raman scattering are: (a) the lifetime 
of fluorescence is several nanoseconds, while Raman scattering is an almost 
instantaneous process and (b) that Raman scattering can take place for any excitation 
wavelength as opposed to fluorescence that takes places at a specific frequency 
(absorption/emission process) [154]. A schematic representation of fluorescence can be 




Figure 2.18 Schematic illustration of fluorescence in a Jablonski diagram. Absorption 
lines: excitation to higher energy levels. Fluorescence lines: relaxation to lower energy 
levels. 




2.4 Transmission Electron Microscopy (TEM) 
  The significant advantage of transmission electron microscopy compared to 
conventional optical microscopy is that electrons have shorter wavelength compared to 
photons allowing for higher resolution. A valid approximation for the electron 
wavelength in a TEM instrument working at an accelerating voltage of 200 kV is 2.5 pm 
(2.5 x10-12 m) as derived by the De Broglie equation considering relativistic effects for 
the electron velocity caused by the acceleration potential. In optical microscopes, the 
wavelength of visible light is generally considered to be around 550 nm. As a result, it is 
possible to achieve atomistic level imaging with TEM, whereas the maxiumum 
resolution of conventional optical microscopy is ~200 nm. 
  In principle, a TEM image is formed by an approximately parallel coherent beam of 
electrons which is scattered by a thin sample. In bright-field (BF) TEM, the image 
formation is realized by electrons that pass directly through at low angle inelastic 
scattering. Hence, the contrast is the outcome of changes in intensity of diffracted 
electrons from various areas of the specimen and is known as diffraction contrast [158]. 
In dark-field (DF) TEM, the image is formed by electrons that encounter diffraction 
inside a crystalline material. 
  An important requirement is that TEM samples are electron transparent (≤100 nm) to 
prevent the occurrence of multiple scattering events. Thus, preparing an adequately thin 
sample, the number of contrast mechanisms that contribute to the image can be limited. 
TEM can operate in two modes: imaging and diffraction (see Fig. 2.19). With respect to 
the imaging mode, the following conditions can be used: bright field imaging (BF), dark 
field imaging (DF) and high resolution (HRTEM). In addition to these operating modes, 
the majority of transmission electron microscopes acquire analytical techniques that can 
be used for chemical elemental characterization of specimens on the nano-scale,  such 
as energy dispersive x-ray spectroscopy (EDX) and electron energy-loss spectroscopy 
(EELS). 
 






Figure 2.19 Ray diagram showing the imaging and diffraction modes in TEM. 
  
2.4.1 Bright field and dark field imaging modes 
  Transmission electron microscopy imaging operates in two fundamental modes that 
can be used by selecting among the transmitted or forward scattered and diffracted 
beams. By solely allowing the contribution of the non-scattered electrons to form the 
contrast, imaging occurs in bright-field (BF) mode (Figure 2.20a). The resulting image 
contrast originates from the amplitude variation of the transmitted beam owing to 
absorption and scattering processes in the sample. In the case of dark-field (DF) 
imaging the objective aperture is moved and the image is generated by a diffracted 
beam instead of the incident beam (Figure 2.20b). An alternative way to achieve DF is 
by having the objective aperture aligned with respect to the center of the lens and tilting 
the incoming beam such that the location of the diffracted beam is aligned to the 
objective aperture. The benefit of using this routine is that the beam used to form the 
image passes through the center of the lenses and is not significantly distorted. As a 
result, the DF image indicates the specimen areas that contribute to the diffracted 
beam, thus offering another possibility for selected area diffraction as a tool for 
correlating the diffraction pattern to the image [158]. This routine can be used to 
investigate defects and enables crystal determination with similar orientation in a 
polycrystalline material. The bright regions in a DF image show areas in the sample with 
the most prominent contribution to the selected diffracted beam, providing information 
regarding the areas in the sample that are aligned with that specific diffraction spot.






Figure 2.20 (a) Bright-field imaging mode where directly transmitted light increases 
image contrast. (b) Dark-field imaging mode where a diffracted beam is chosen via the 
objective aperture. 
 Scanning Transmission Electron Microscopy (STEM) is a different mode of 
transmission electron imaging. In this case, there is no broad parallel beam used for 
illumination, but the beam is focused into a small spot which is then scanned across 
the specimen in a raster. An important advantage of STEM compared to conventional 
TEM is the use of low electron voltage that prevents specimen damage due to 
illumination and thus it is considered as a prominent candidate when imaging sensitive 
biological materials. 
 
2.4.2 TEM instrumentation 
  TEM imaging and diffraction of calcium phosphate and titanium hydroxyapatite 
samples (discussed in Chapters 3 and 4) were predominantly performed at the York 
JEOL Nanocentre utilizing a JEM 2011 (LaB6 heated filament with an EDX detector for 
potential elemental analysis). The TEM was operated at 200kV with an optimum 
resolution of 1.94 Å (0.194 nm) according to JEOL instrument specifications. 
 
2.5 Scanning Electron Microscopy (SEM) 
  A Scanning Electron Microscope (SEM) is a useful tool for electron imaging due to its 
large depth of field as well as its ability to provide surface details at higher magnification 
and resolution compared to a light microscope due to the low electron wavelength. 
Moreover, an SEM can analyze large surface areas, which is a useful starting point to 
study a new sample. 




  In SEM, the beam is focused on the sample instead of irradiating it with a parallel 
beam as in a TEM. The electrons interact with the atoms in the lattice of the sample 
resulting in either elastic or inelastic scattering. Upon elastic scattering the electron path 
change undergoes minimal or no energy loss, whereas inelastic scattering causes a 
change in the kinetic energy and hence velocity of the incident electron due to 
interaction with orbital electrons of the atoms of the sample. Inelastic scattering results 
in a variety of different signals: Secondary Electrons (SE), Backscattered Electrons 
(BSE), Cathodoluminescence (CL), continuum X-ray radiation (bremsstrahlung), 
characteristic X-ray radiation and phonons (heat) as shown in Figure 2.21 below.  
 The most important signals used in SEM are secondary electrons (SE) and X-rays. X-
rays are used for elemental analysis, whereas secondary electrons are formed when an 
incoming beam penetrates the sample surface and interacts with atomic electrons. The 
atomic electrons that are eliminated from their orbit and leave the sample are measured 





Figure 2.21 Schematic representation of all signals present in a scanning electron 
microscope (SEM) due to inelastic scattering processes and their origin within the 
sample volume. 
 
2.5.1 SEM instrumentation 
  In the present study, mineralized and non-mineralized collagen fibres (discussed in 
Chapter 5) were investigated using a FEI Sirion S-FEG FESEM (field emission, high




 resolution SEM) at the York JEOL Nanocentre. The equipment was operated at 5 kV 
for imaging analysis and 12 kV for EDX analysis. The instrument is coupled with a 
Noran EDX system which uses an Oxford INCA analysis system and a 30 mm 2 light 
element Silicon-Lithium (SiLi) detector. The maximum resolution of this microscope 
under optimum conditions is < 2 nm (FEI instrument specifications) but a ~5 nm 
resolution is more realistic (personal communication with Ian Wright, technologist at 
York JEOL Nanocentre). 
 
2.6 Sample preparation 
  This section comprises an overview description regarding the synthesis of all the 
relevant materials used in this study. Three types of materials were prepared for 
characterization: (a) the synthesis of citrate stabilized amorphous calcium phosphate 
particles (results presented in Chapter 3) was performed by Dr. Jose Manuel Delgado-
Lopez at the Andalucian Institute of Earth Sciences in Granada, Spain, (b) the synthesis 
of titanium substituted hydroxyapatite (results presented in Chapter 4) was conducted 
by Dr. Alessio Adamiano at the Institute of Science and Technology of Ceramic 
Materials (ISTEC-CNR) in Faenza, Italy and (c) the assembly and mineralization of type 
I collagen (results presented in Chapter 5) was performed by Dr. Monica Sandri and Dr. 
Elisa Savini at ISTEC-CNR in Faenza, Italy.  
 
2.6.1 Synthesis of citrate stabilized amorphous calcium phosphate (ACP) 
  ACP particles were synthesized by the bath precipitation method as described by 
Delgado-López et al [159],[160]. Two solutions of (i) 0.1 M CaCl2 + 0.4 M Na3C6H5O7 
and (ii) 0.12 M Na2HPO4 + 100 mM Na2CO3 were mixed (1:1 v/v, 200 mL total) at room 
temperature. The pH was adjusted with HCl to 8.5. The precipitation of ACP occurred 
immediately after mixing. The precipitates were immediately removed from the mother 
solution by centrifugation (9000 rpm, 3 minutes) and then repeatedly washed with 
ultrapure water by centrifugation.  Subsequently, they were freeze-dried overnight and 
stored at 4 °C for further characterization. All the solutions were prepared with ultrapure 
water (0.22 μS, 25 °C, MilliQ, Millipore). Calcium chloride dehydrate (CaCl2.2H2O, 
Bioxtra, ≥99.0% pure), sodium citrate tribasic dehydrate Na3C6H5O7.2H2O, ACS 
reagent, ≥99.0% pure), sodium phosphate dibasic (Na2HPO4, ACS reagent, ≥99.0% 
pure) and sodium carbonate monohydrate (Na2CO3.H2O, ACS reagent, 99.5% pure) 
were supplied by Sigma-Aldrich.  
2.6.2 Synthesis of titanium-substituted hydroxyapatite (Ti/HA) 
  In the present synthesis, 10 grams of Ca(OH)2 (purity > 95% Sigma-Aldrich) were 
added to 100 mL of Millipore water and then stabilized at 50.0 °C under constant 




stirring at 400 rpm for 30 min. A solution obtained mixing 8.87 grams of H3PO4 ( 85 
wt%; Merck) with 30 mL deionized (DI) water was added drop-wise into the Ca(OH)2 
suspension, together with 30 mL of a solution of titanium iso-propoxide (purity > 97% 
Alfa Aesar) in isopropyl alcohol (purity ≥ 99.7% Sigma-Aldrich). Different syntheses of 
hydroxyapatite were carried out using increasing amounts of titanium to reach the 
molar percentage respect to calcium (calculated as Ti mol/ Ca mol x 100) of 5 %, 10%, 
15% and 30%. The molar ratio between calcium and phosphorous was set to 1.75 and 
kept constant for all the syntheses. Once the simultaneous drop-wise addition of 
phosphoric acid and titanium isopropoxide was completed, the solution was kept at 50 
°C under constant stirring at 400 rpm for 3 hours and then left still at room temperature 
overnight. The powder was then repeatedly washed with water and then freeze-dried. 
The samples were finally heated at 700⁰C (Dr. Alessio Adamiano, personal 
communication). 
 
2.6.3 Synthesis and mineralization of type I equine collagen 
  The collagen/mineral micro-fibres were produced following a bio-inspired 
mineralization approach allowing the formation of nanostructured apatite (Ap) 
nanoparticles uniformly distributed onto the bio-polymeric collagen matrix and endowed 
with the same chemical-physical features of the newly formed bone tissues [161],[162]. 
The organic component, working as a matrix mediating the mineralization process, was 
type I collagen extracted from equine tendon. The mineral phase consisted of apatite 
nano-crystals doped with magnesium ions (Mg2+) to obtain a ratio of Mg/Ca~5% mol. 
Magnesium ions are present in the physiological environment of bone and play a key 
role in favoring the nucleation of apatite phase in the gap regions among collagen 
molecules and thus preventing detachment of the apatite from the collagen matrix [163]. 
For the synthesis a solution containing suspended type I collagen in phosphoric acid 
was added drop-wise to a basic solution containing Ca2+ and Mg2+ ions. The self-
assembly of collagen took place simultaneously with the precipitation of Ap at pH 9-10, 
resulting in the nano-composite. This kind of method enables to manufacture hybrid 
composites with a wide range of composition, up to 70 wt% of mineral phase with 
respect to the polymeric matrix used in our experiments. From this point onward, wt% 


























Formation of carbonate apatite via amorphous precursor  
  This chapter describes the transformation of citrate stabilized amorphous calcium 
phosphate (cit-ACP) to carbonate apatite (cAp) in the presence of different liquid media 
such as pure water, phosphate buffer saline (PBS) and a 50/50 mixture of PBS/water 
(control solution) as investigated by in-situ time-dependent Raman spectroscopy and 
ex-situ transmission electron microscopy (TEM) in conjunction with selected area 
electron diffraction (SAED).  
  The first part of this chapter is devoted to the description of the experimental 
procedure followed to perform in-situ Raman measurements and the interpretation of 
the Raman results obtained in all three solutions. The second part presents the kinetic 
study of the transition using the Avrami model on the normalized Raman data. The third 
part contains the ex-situ TEM and selected area electron diffraction studies (SAED) 
performed on cit-ACP immersed in water and PBS to monitor the evolution of particle 
morphology and the transition from ACP to cAp respectively. These studies were 
performed at similar timescales as the Raman experiments and the results obtained 
with both techniques were compared. The fourth part of this chapter contains the 
analysis of pH variation in water and PBS which is subsequently correlated to time 
dependent release of citrate observed by Raman spectroscopy for both media. The time 
dependent Raman investigation of apatite formation in a Na2PO4 solution is shown and 
correlated with the timescale observed in PBS.   
  The last section of this chapter summarizes the key findings of this study showing that 
the transition process is much faster in PBS compared to water and that these 
observations are very consistent in both Raman and TEM experiments. Based on these 
observations, suggestions regarding the underlying mechanism of the ACP transition to 
nano-apatite are provided. The prominent role of citrate in regulating the transformation 
rate among the investigated ionic media is highlighted, indicating a possible surface 
mediated mechanism as a possible explanation for the transition process. 
  A significant part of the results presented in this chapter was previously published in 
Chatzipanagis et al., (2016) [164].     




3.1 Overview on apatite formation mechanisms   
  The underlying mechanisms regarding the formation of nano-crystalline cAp, which is 
the most important constituent of the inorganic part of bone are still under major debate 
[164]–[166]. More specifically, the crystallization route, starting from an amorphous 
precursor phase and resulting in a well-defined mineral structure, has been a subject of 
intensive research [59], [164], [166], [167]. It has been previously shown that in zebra 
fish bone [168] and dental enamel [169], the formation of apatite does not take place 
directly by the association of various ions in solution according to the classical 
nucleation theory, but results in a “non-classical” crystallization route through an ACP 
precursor. As a result, the formation of ACP as an intermediate phase is a well-
accepted concept to occur during in vivo bone mineralization [164],[170]–[173]. 
  The transformation of ACP in aqueous solutions has been extensively investigated 
indicating that various parameters such as pH, temperature, presence of foreign ions 
(e.g. fluoride, carbonates and silicates) and additives (e.g. phospholipids, poly-glycols, 
proteins, etc.) can have a significant impact on the ACP stability and its transformation 
rate [59]. It has been suggested that this process takes place, either via a direct 
pathway starting from ACP to cAp or through the development of other intermediate 
calcium phosphate phases (mainly octacalcium phosphate; OCP), under different 
mechanisms [59]: (a) dissolution-reprecipitation, (b) cluster reorganization and (c) 
solution-mediated solid-solid transformation. Thus, it seems rational to hypothesize that 
various processes can take place simultaneously. 
  However, the impact of citrate in the stabilization of ACP has been systematically 
neglected with only few reports to be found in the literature [160],[164],[174],[175]. 
Citrate is a fundamental constituent of mineralized tissues [176], since it accounts for 
almost 2 wt% in bone, which is ~5-25 times higher than the concentration found in soft 
tissues [177]. It has been shown that approximately 90% of the total citrate present in 
the body is found in bone [176]. Moreover, recent NMR studies reported that it is 
strongly bound to the surface of bone apatite crystals and thus regulates their shape 
and morphology [178]. However, its impact on bone mineralization is far from being 
totally comprehended.  
  The active role of ACP is not limited to bone mineralization, but it also affects a wide 
range of biomedical applications such as ACP-based dental products (colloidal 
substances in toothpaste, mouthwash for tooth demineralization prevention) [59]. 
Hence, understanding its behavior in aqueous media is extremely important when there 
is need to design advanced biomaterials. However, in-situ investigation of ACP 
crystallization is scarcely reported in the literature for two reasons: (a) the 
transformation of ACP into a crystalline phase such as apatite is instantaneous and 




makes it difficult to monitor the transition and (b) it is difficult to find a feasible technique 
to perform an investigation in solution. Hence, Raman spectroscopy seems to be a 
suitable tool to perform experiments in a liquid environment since water does not 
scatter as strongly as in infra-red spectroscopy.  
  As previously mentioned, this work explores the relevant crystallization pathways of 
citrate-functionalized ACP (cit-ACP) immersed in various media. The structural 
evolution was studied by in-situ time-resolved Raman spectroscopy in pure H2O, PBS 
and a 50/50 mixture of PBS/H2O (control experiment), whereas the morphological 
evolution of cit-ACP in water and PBS was studied by ex-situ transmission electron 
microscopy (TEM). Figure 3.1 provides a simplified schematic representation of cit-ACP 
immersed in solution and the formation of cAp. 
 
 
Figure 3.1 Schematic representation of the transition of solid cit-ACP to cAp in different 
liquid environments. 
 
3.2 Raman analysis 
3.2.1 Experimental set-up for in-situ Raman studies  
   A glass slide was used as a substrate and vacuum grease was applied forming a 
circular area on the slide surface. The ACP solution was drop-casted inside the circular 
area and a cover slip was placed on the top forming a chamber to provide sufficient 
sealing and prevent liquid evaporation. A concentration of 0.5 mg of solid cit-ACP in 1 
mL of solution was systematically used for all experiments [164]. In-situ investigation 
allowed for monitoring a specific spot on the sample and time resolved Raman spectra 
were recorded. A 532 nm laser was used and a 50x objective lens with a beam spot 
size of ~1-1.5 μm in diameter was used to collect the scattered light. Figure 3.2 is a 
schematic illustration of the system used for the Raman experiments and an optical 
image of the sample under the Raman microscope.  






Figure 3.2 (a) Schematic representation showing the system used for in-situ Raman 
study of ACP transition into solution and (b) optical image of the sample under 
investigation taken with the Raman microscope. The red dot shows the spot on the 
sample used for spectrum acquisition.  
 
3.2.2 Raman spectra of calcium phosphates 
  Figure 3.3 shows a representative Raman spectrum of solid cit-ACP particles (red line) 
and a Raman spectrum of cit-ACP immersed in water for a total of 5 days (blue line) 




Figure 3.3 Raman spectra of dry cit-ACP (red line) and dry cAp (blue line, obtained 
after 5 days of cit-ACP immersion in water). The phosphate related modes are denoted 
in blue whereas the citrate modes are marked in red [164]. 




  The phosphate bands are: 
1v  stretching mode (945-964 cm
-1), 
2v double degenerate 
bending mode (420-455 cm-1), 
3v triply degenerate anti-symmetric stretching mode 
(1020-1077 cm-1) and the 
4v  triply degenerate bending mode (570-620 cm
-1) [179]–
[182].  
  In addition to the phosphate bands, other vibrational modes related to the presence of 
citrate in the particles were observed: OCO bending mode (843-847 cm-1) and CH2 
stretching mode (2928-2933 cm-1) [159]. The water band originated from the 
surrounding liquid environment during the experiment is attributed to the O-H stretching 
mode (3225-3233 cm-1 and 3425-3435 cm-1) [183]. The assignment of all bands is given 
in table II. 
 
Table II Assignment of phosphate and citrate vibrational modes 
Band position (cm-1) Assignment 
420 – 455 
 
2v  PO4 bending mode 
570 – 620 
 
4v  PO4 bending mode 
843 – 847 
 
OCO  bending mode of citrate 
945 – 953 (ACP) 
957 – 964 (cAp,HA) 
 
1v  PO4 stretching mode 
1020 – 1077 
 
3v PO4  anti-symmetric stretching mode 
2928 – 2933 
 
2CH
v stretching mode of citrate 
3225 – 3233 
3425 - 3435 
OHv  stretching mode 
 
  Both ACP and cAp exhibit a very strong Raman band in the 945-964 cm-1 region (see 
Fig.3.3) which is related to the 
1v  phosphate symmetric stretching mode. However, 
these Raman bands exhibit distinct positions and widths that correspond to the specific 
mineral environment. Hence, these variations provide information regarding the 
presence of different calcium phosphate phases and the changes in the relative areas 
under these Raman bands describe the evolution of cit-ACP to cAp in all ionic solutions. 
 
3.2.3 Evolution of 
1v  band upon maturation time   
  For cit-ACP immersed in water (see Figure 3.4), a single symmetric band centered at 
~952 cm-1 with a full width at half maximum (FWHM) of ~29 cm-1  was assigned to the 




presence of ACP at the early stages [59]. Upon crystallization, this band gradually 
became asymmetric due to the formation of the crystalline cAp with an induction time of 
830 min. In fact, after ~52 hours (3100 min), a very well defined Raman band at 959 
cm-1 with a full width at half maximum (FWHM) of ~ 16 cm-1 was observed [164]. This 
value is in agreement with literature values reported for carbonate apatite (cAp) [159], 
[179].  
  On the other hand, in situ time-resolved Raman spectra of cit-ACP immersed in PBS 
(see Figure 3.4) showed that the cit-ACP-to-cAp transition was vastly accelerated in this 
medium. The symmetric band located at 952 cm-1 became asymmetric after 10 min 
showing that the formation of cAp had already started [164]. Indeed, this asymmetry 
was quickly pronounced (110 min) due to the fast development of the cAp band at 959 
cm-1.    
 
 
Figure 3.4 In-situ time-resolved Raman spectra (
1v  PO4 stretching) recorded during the 
crystallization of cit-ACP in PBS and H2O [164]. 
 
  As a control experiment, in-situ time-resolved Raman spectra were recorded for cit-
ACP immersed in a 50/50 mixture of PBS/H2O indicating a similar gradual development 
of cAp (see Fig 3.5). The total timescale of the transition was approximately 3 hours 
(176 min), which lied between the two extremes but was much closer to the timescale 
observed for PBS. This is also showing the significant impact that the phosphate 
content of the solution has on the timescale of cAp formation.





Figure 3.5 In-situ time-dependent Raman spectra (
1v PO4 stretching) recorded during 
the crystallization of cit-ACP in PBS/H2O. 
   
3.2.4 Variation of v1 band area upon maturation time 
  After a certain time of cit-ACP being immersed in solution, the presence of cAp was 
progressively pronounced at different times in each medium. This resulted in the co-
existence of both ACP and cAp at all times during the Raman experiment. This co-
existence of both mineral environments is expressed by an asymmetric Raman 
envelope containing the v1 bands of both environments. Thus, Raman band separation 
followed by non-linear curve fitting was applied to analyze each of those bands [164].  
  In the case of cit-ACP in water, a single symmetric band was observed during the 
early stages of crystallization (0-830 min) as a result of the presence of an amorphous 
phase. The values for the location, intensity and width of this single amorphous band for 
each measurement were estimated by non-linear curve fitting using Gaussian profiles. 
The mean values for both position and width were then calculated and the extremes 
were considered as the highest and lowest fitting values. Thus, these mean values (as 
well as the extremes) formed the range of constraints when fitting the additional 
crystalline band [164].  
  In the Raman spectrum of ACP, an additional weak band was observed in the 995-
1000 cm-1 region. The contribution of this band is very small compared to the main ACP 
band and thus does not really affect the overall fitting outcome of the ACP related band. 
It has been previously suggested that a Raman band at ~1000 cm-1 could be assigned 
to the presence of mono-hydrogen phosphate HPO42- in aqueous solution [184],[185]. 
This phosphate species could have resulted from the liquid environment during the 
preparation of cit-ACP particles at slightly basic pH conditions. Figure 3.6 shows the 
fitting process using Igor Pro 6.37 as performed for the initial stages where no cAp is 
formed. All fittings shown throughout this thesis were performed with Igor Pro 6.37.  






Figure 3.6 Non-linear curve fitting of the two Raman bands corresponding to ACP and 
possibly HPO42- for cit-ACP immersed in H2O (0 minutes). The blue curved line is the 
Gaussian fitting applied on the original spectrum and the green line is a linear baseline 
fitting. The FWHM of the ACP band was approximately 29 cm-1. 
 
  Curve fitting of both bands was initially performed on the last measurements 
corresponding to the post-crystallization stage. The crystalline cAp band was very well-
defined at high maturation times enabling reliable fitting for this band. Thus, the 
amorphous band (cit-ACP) was constrained in the way described above, whereas the 
cAp Raman band was freely iterated until the optimum fitting outcome was achieved. 
The mean and the extreme (highest and lowest) values for the location and width of the 
crystalline band were estimated with respect to the corresponding mean and extreme 
values of the cit-ACP Raman band. Having determined the constraints for both bands, 
curve-fitting was subsequently applied to each of the intermediate time resolved spectra 
and the variations in the relative intensities and areas between these bands were 
assessed [164].  
  The concept of using fitting constraints is based on the need to monitor the systematic 
variations between related measurements corresponding to ACP and cAp. Since only 
these two phases are present, it is reasonable to assume that the values for the position 
and width of each band remain approximately constant, whereas the relative intensities 
and areas under those bands change upon maturation time [156]. An example showing 
Raman band separation and non-linear curve fitting is depicted in Figure 3.7. The blue 
fit corresponds to the Gaussian model and the green line represents the linear baseline 
that was simultaneously applied during the fitting process along with the Raman band. 
[164].






Figure 3.7 Raman band separation and non-linear curve fitting of the two Raman bands 
corresponding to ACP and cAp for cit-ACP immersed in H2O (800 minutes). The blue 
curved line is the Gaussian fitting applied on the 
1v envelope and the green line is a 
linear baseline fitting [164]. 
 
  The same fitting protocol was applied for all Raman spectra  and the v1 band areas for 
the ACP and cAp were estimated and compared for each solution as a function of time. 
Due to the totally different timescale, the results for cit-ACP immersed in PBS and 
PBS/H2O are displayed in Figure 3.8a, whereas results for cit-ACP in H2O are displayed 
in Figure 3.8b for better visualization.  
 
      
 
Figure 3.8 (a) Area ratio of 1v  band (cAp/ACP) for cit-ACP suspended in PBS and 
PBS/H2O and (b) area ratio of 1v  band (cAp/ACP) for cit-ACP suspended in H2O as a 
function of maturation time. 




3.3 Kinetic study of cit-ACP crystallization 
  According to Figure 3.4, an induction time of approximately 10 minutes was observed 
in PBS, whereas the tapering off period was seen after 110 minutes. On the other hand, 
the induction time in water was found to be approximately 830 minutes, while the 
transition to cAp progressively developed up to 3260 minutes, reaching the steady 
state. As a result, the appearance of cAp was found to be 75 times faster in PBS. 
  The kinetics of the transformation was studied using the Avrami model, which 
describes phase transformation as a function of volume fraction changes. This model is 
expressed by the general time dependence of the fraction of the transformed phase (
) as [186],[187]. Hence, the normalized ratio of the areas corresponding to the 
1v  PO4 
Raman band of cAp and ACP (A959/A952, i.e. fraction of the transformed phase,  ) was 
used to investigate the extent of the transformation in both media. 
 
                                                 )exp(1 nkt                                                           Eq. 19 
 
where the parameter k  provides information on nucleation density and growth rates 
and n  indicates the dimensionality of the growth and the potential effect of diffusion. It 
was assumed here that A959(cAp)/A952(cit-ACP) ∝   and upon complete transformation 
1 , which implies data normalisation. However, the data show that the signal of v1(cit-
ACP) does not disappear at any point of time indicating that an amorphous/disordered 
layer still remains at the crystallite surface even when full transformation occurs as 
previously reported [159], [160],[174], [188]–[190].  
  The normalized data were modified and Eq. 19 was linearized according to the 
following mathematical formula: 
 




tn                                      Eq. 20 
 
  A plot of Eq. 20 was produced and all the data points were fitted to a straight line in 
order to investigate if the transformation process can be adequately described by 
Avrami kinetics. Figure 3.9 shows the linearized plots including the straight line fitting for 
cit-ACP in PBS, PBS/H2O and H2O. Indeed, it is observed that the data can be 
sufficiently modelled by a linear fit indicating that the transformation process follows 
Avrami-type kinetics. The goodness of fit varied between 97% and 99% [164].  





Figure 3.9 Plots of the linearized Avrami equation for cit-ACP immersed in PBS, 
PBS/H2O and H2O [164]. 
 
  In fact, the transformation in PBS shows an excellent correlation to the Avrami model, 
whereas in H2O, the initial part of the curve indicates a slope variation during the 
transformation. This indicates that nucleation rates can vary during the transformation 
process. This variation can be attributed to several assumptions made in the Avrami 
equation such as spherical crystal growth, absence of diffusion and no time 
dependence of the nucleation. The slope of each line characterises the parameter n, 
which shows significant differences among the two cases. Values of n = 2.1, 2.8 and 
3.8 for PBS, PBS/H2O and pure H2O are found, respectively [164].   Assuming 
interface-restricted phase transformation, Wong and Czernuszka assigned values of 
n>3 to either zero nucleation (n = 3), decreasing nucleation rate (n = 3–4), or constant 
nucleation rate (n = 4) for solvent mediated re-dissolution and re-crystallization 
processes. Values of n<3 indicate diffusion-restricted growth [191]. Therefore, the 
observations in PBS and PBS/H2O indicate an important role of species diffusion in 
solution resulting in a fast crystal growth [164].  
  A significant difference in the transformation rates among the different ionic solutions 
can be derived by the calculated values for the parameter k, which are 9.4 × 10-14 min-n 
for H2O, 2.9 ˣ 10-4 min-n for PBS and 4.8 ˣ 10-7 min-n. In the current analysis, it was 
assumed that a single nucleation event occurs, but in the case of water it is possible 
that additional nucleation events take place during the transformation process and thus 
affecting the k value.  
 
3.4 Transmission Electron Microscopy (TEM) analysis 
  Transmission electron microscopy (TEM) was used to study ex situ the morphological 
evolution from cit-ACP to cAp. Cit-ACP suspensions (0.5 mg/mL) were prepared in pure 




water or phosphate buffer solution (PBS 1x, pH = 7.3 ± 0.01).  After the desirable 
elapsed time, the suspensions were drop-casted onto lacey carbon copper grids. The 
excess of water and/or PBS was rapidly absorbed using filter paper. The samples were 
air-dried and images were collected using a conventional TEM JEM 2011FS with LaB6 
source operated at 200kV. Figure 3.10 shows a schematic representation of the TEM 




Figure 3.10 Schematic representation of TEM investigation in dry conditions 
 
  Figure 3.11a shows a TEM micrograph of the as-prepared cit-ACP nanoparticles with 
the respective selected area electron diffraction (SAED) pattern, which confirms their 
amorphous state. The particles are aggregated showing round shaped morphology with 
diameters of ~50 nm, which is in agreement with previous reports [160], [174]. After 10 
minutes in PBS, the development of ~3 nm crystalline domains in diameter within the 
aggregated cit-ACP particles was observed (Fig. 3.11b). This timescale is in correlation 
to the induction time observed by Raman spectroscopy. The SAED pattern (insert in 
Fig. 3.11b) taken for these particles shows cAp presence. Such domains have been 
previously confirmed by high-resolution TEM during the ACP-to-cAp transformation 
[192],[193] and it has been suggested that cAp crystallization occurs from several nuclei 
within the ACP nanoparticles [160],[192],[193]. After 100 minutes (post-crystallization 
stage), platelet-like cAp nanoparticles were observed confirming the transformation to 
cAp (Fig. 3.11c).  
  On the other hand, a different evolution was observed in H2O. After one day (early 
transformation stage), amorphous particles appeared smaller compared to those shown 
in Fig. 3.11a, indicating possible partial dissolution of ACP (Fig. 3.11d). Subsequently, 
during the second day (intermediate stage of crystallization), poorly crystalline 
aggregates exhibiting weak 002 reflections in the SAED pattern were observed (Fig. 




3.11e). Eventually, after 3 days (post-crystallization stage) smaller cAp nanoparticles 




Figure 3.11 (a) TEM micrograph and the corresponding SAED pattern of the as-
prepared dry cit-ACP. (b–c, blue square) morphological evolution of the particles 
immersed in PBS (time: b, 10 min; c 100 min) and (d–f, black thick square) water 
(time: d, 1 day: e, 2 days; f, 3 days). The SAED pattern in b corresponds to the 
crystalline domains (dark spots in the white circle). The scale bars are 50 nm except for 
b which is 5 nm [164]. Images and diffraction patterns taken by Dr. Teresa Roncal-
Herrero. 
 
  3.5 Evolution of pH and citrate release 
  Both in-situ Raman and ex-situ TEM studies have shown that the timescale of the 
transition from cit-ACP to cAp is significantly different between the various ionic media. 
According to the results obtained, PBS and water are found to be the extreme cases 
and the pH evolution was investigated in these two solutions. The pH variation is plotted 
as a function of time for both cases in Figure 3.12. 
 Boskey et al. have synthesized ACP by mixing 300 ml of 0.04M calcium salt (chloride 
or nitrate) with 0.036 M dibasic phosphate salt (ammonium, sodium or potassium) in 
400 mL of stirred 0.15 M buffer. Two types of buffer were used: tris (hydroxyl-
methylaminomethane) and ammonia-ammonium chloride covering pH ranges of 6.8-9 
and 9-10, respectively. As a result, the transformation of ACP to cAp was studied at 
various pH values and the timescale was estimated in each case.  
  However, the transformation time did not exceed 400 min at maximum, which is much 
lower compared to the differences that the present work has reported for similar pH 




values [56]. Thus, an alternative hypothesis has to be adopted to explain the largely 




Figure 3.12 Evolution of pH as a function of time in PBS and H2O. Data provided by Dr. 
Jose Manuel Delgado-Lopéz.  
    The hydrolysis of ACP has been suggested to play an important role in triggering its 
instantaneous crystallization to cAp in the presence of aqueous media [194]. 
Nevertheless, in the case of citrate functionalized ACP, the adsorbed citrate can block 
active sites and delay this transformation. In the case of cit-ACP in PBS, the citrate is 
rapidly released from the surface (Fig. 3.13a), possibly due to ionic exchange with the 
phosphate ions of the medium, which subsequently decreases the ACP stability and 
raises the phosphate concentration in ACP [195]. Figure 3.13 shows the band ratio of 




Figure 3.13 Time-resolved evolution of the normalized peak of citrate δOCO/ 1v PO4 in (a) 
PBS and (b) H2O [164]. 




  As a result, there is a fast cAp formation, starting from small nuclei such as those 
observed by TEM studies close to the surface (Fig. 3.11b). In the case of water, a slow 
release of citrate occurred after one day (Fig. 3.11d) triggering the partial dissolution of 
the ACP and the further re-crystallization of cAp. 
 
3.6 Effect of other phosphate species on the transformation of ACP 
  Raman and TEM studies have clearly demonstrated that the phosphate content of the 
solution used to suspend the initial solid ACP particles plays a crucial role in the 
crystallization timescale observed. To further confirm the prominent impact of 
phosphate species, in situ Raman investigation of the transformation of ACP to cAp was 
performed in Na2HPO4 solution. The same concentration of solid ACP in solution as in 
the other experiments was used. The experimental approach used for the Raman 
measurements is illustrated in Figure 3.2a. Figure 3.14 shows the respective Raman 




Figure 3.14 In-situ time-dependent Raman spectra (
1v PO4 stretching) recorded during 
the crystallization of cit-ACP in Na2HPO4. 
 
   Figure 3.13 shows that the timescale of transition from ACP to cAp in the presence of 
Na2HPO4 shows an excellent correlation to the timescale observed for the Raman 
studies performed in PBS. In addition, there is no evident formation of any other 
intermediate crystalline phases (e.g. OCP), which is in agreement with the observations 
in all ionic solutions. Moreover, it is confirmed that regardless of the general chemical 
composition of the medium, its phosphate environment is the key factor affecting the 
timescale of the crystallization process.     
   




3.7 Summary of the results 
  The combination of ex-situ (TEM and SAED) and in-situ (time-dependent Raman 
spectroscopy) experiments enabled the observation of the crystallization of cit-ACP in 
three relevant media: PBS, PBS/H2O and ultrapure H2O. The reported results 
demonstrate that cit-ACP directly transforms to cAp without any apparent formation of 
other intermediate calcium phosphate phases (e.g. octacalcium phosphate). Citrate 
desorption from ACP triggers the cAp crystallization, which seems to occur via a 
surface-mediated process. This process is likely to be driven by an ionic-exchange 
between labile ions from the surface of cit-ACP nanoparticles and ionic species in 
solution. The exchange between adsorbed citrate and phosphate promotes the rapid Ap 
crystallization in PBS and PBS/H2O solution. Indeed, the presence of phosphates in the 
media is significantly accelerating the conversion as determined by in-situ Raman 
spectroscopy. The prominent role of phosphate species in solution is also highlighted in 
the control experiment (cit-ACP in PBS/H2O) where the timescale of the transition 
appears to be much closer to the timescale observed in the case of cit-ACP immersed 
in PBS.  
  Overall, the results presented in this chapter highlight two important aspects of the cit-
ACP to Ap transformation: (a) the role of citrate (or potentially other analogous organic 
additives) in stabilizing ACP and preventing the instantaneous transformation and (b) 
the impact of ionic species concentration (e.g., phosphate) in controlling crystallization 
rates and mechanisms. These aspects are highly relevant for enhancing our knowledge 
and understanding regarding bone bio-mineralization and for designing advanced 





Characterization of Ti/HA structures 
  This chapter presents the structural characterization of titanium/hydroxyapatite (Ti/HA) 
structures with consistently increasing amounts of Ti ions (0, 5, 10, 15, 20, 30 and 50 
wt%) using state-of-the-art spectroscopic and electron microcopy techniques. The 
outline of this chapter is provided in the following sequence.  
  A brief literature review on Ti/HA structures is provided highlighting their potential use 
in various biomedical and energy applications. This is followed by experimental data 
regarding the structural characterization of these structures. In particular, ex situ 
Raman spectroscopy is performed to investigate the incorporation and evolution of 
various phases as a function of increasing Ti ion substitution. Transmission electron 
microscopy (TEM) with selected area electron diffraction (SAED) and scanning electron 
microscopy (SEM) show morphological and structural details of the Ti/HA structures. 
Chemical composition analysis was performed using Inductively-Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES) and Energy Dispersive X-ray spectroscopy 
(EDX) coupled to a TEM instrument.  
  The last part of this chapter shows results on the electronic properties of these 
structures as a function of increasing Ti content studied by UV spectrophotometry. 
These results are discussed in relation to the characterization studies and conclusions 








4.1 The role of Ti/HA structures in technological applications   
  In the past few decades, technological development has led to a higher demand for 
medical implants that can partially replace bone due to its malfunction originated by 
pathological disorders such as arthritis and cancer [76],[196]. Nevertheless, the 
extraordinary structure and mechanical properties of natural bone makes it difficult to 
produce biomimetic materials that can act as replacements. Until the early 1960s, 
when the use of bio-ceramics was launched, metal-base implants such as titanium 
containing alloys, stainless steel and cobalt–chromium alloy mixtures have been 
exclusively applied in medical replacements [76],[197]. During the initial stages of 
medical implant development, non-toxic materials with suitable physical properties 
were considered as appropriate candidates for implant replacement [198]. Nowadays, 
an additional criterion is introduced which is related to the ability of the material to 
promote early bone growth [199]. Metal-based implants are not particularly 
biocompatible and thus cannot promote bone growth, but possess high strength and 
low corrosion susceptibility.  
  On the other hand, hydroxyapatite (HA) is a bio-ceramic material with inferior 
mechanical properties compared to metals, but can successfully promote bone growth 
[76]. Thus, combining titanium alloys with HA can provide a novel bio-composite 
material with unique mechanical and biological properties that can be used in 
biomedical applications.  
  In addition to the use of Ti/HA composites for biomedical applications, great interest 
has been recently drawn in the field of energy applications. The requirement for 
environmentally compatible and efficient processes regarding electricity generation has 
inevitably led to the use of photovoltaic technologies which constitute an excellent 
renewable energy source. However, the high production cost of silicon-based solar 
cells has led to further consideration of alternative solutions in the electrical energy 
production market [200].  
  Such an alternative solution to the silicon-based solar devices could be the use of Dye 
Sensitized Solar Cells (DSSCs) which have recently attracted significant interest [201]. 
Some of the advantages of DSSCs are: low energy and low cost materials needed for 
the manufacturing process, high temperature and low light performance even in 
shaded locations and higher sunlight absorption per surface area compared to the 
standard silicon-based solar panels [202]. Constant research is pursued to produce 
new materials for the fabrication of solar energy converting devices, or alternatively 
improve the performance and efficiency of materials that are already used for photo-
anodes by doping them with various ions that can prominently affect the electronic 
band gap as well as the built-in voltage [203].   




  Thus, materials that do not possess the appropriate characteristics to be used in 
DSSC devices can be doped with certain ions to create composites with improved 
properties. Tsukuda et al. measured the band gap energy values of pure 
hydroxyapatite (HA), 10 mol% Ti/HA and TiO2 by diffuse reflectance and obtained 
values of 6.0, 3.65 and 3.27 eV respectively. Hence, pure HA is not suitable to be used 
as a DSSC photo-anode, but when doped with titanium ions the band gap value is 
significantly lower and comparable to the value measured for TiO2. Thus, Ti/HA 
structures can be considered as prominent candidates for DSSC systems [204].  
  HA can accommodate numerous substituent ions inside its lattice with Ca2+ atoms 
being substituted by monovalent, divalent, trivalent and tetravalent cations (e.g. from 
Na+, to Zn2+, Fe3+ and Ti4+), whereas PO43- ions can be replaced by divalent (CO32-), 
trivalent (AsO43-) and tetravalent (SiO44_) anions [205].  
 
4.2 Characterization of Ti/HA structures by Raman spectroscopy 
  4.2.1 Experimental configuration for ex situ Raman measurements 
  Each Ti/HA sample in powder form was placed on a potassium-bromide substrate 
which produces minimal background signal and thus no interference with the Raman 
signal from the sample is observed [206]. The potassium-bromide substrate was 
subsequently placed on a glass slide and mounted on the Raman microscope stage for 
spectra acquisition. A schematic overview of the experimental procedure is visualized 




Figure 4.1 (a) Schematic representation of the experimental set-up used for ex situ 
Raman studies on Ti/HA samples and (b) example of an optical image corresponding 
to a 30% Ti/HA sample taken under the Raman microscope. The red dot shows the 
laser point on the sample.  




 4.2.2 Raman analysis of unmodified HA  
  Ex situ Raman analysis was initially performed on the unmodified HA which is 
considered as reference. Based on this spectrum, the impact of increasing Ti content 
on the Raman spectra acquired for the Ti/HA structures was subsequently investigated. 
Figure 4.2 shows the typical Raman spectrum of unmodified HA covering a spectral 
range of 300-4000 cm-1. A 50x objective lens was used to focus the laser at a spot size 




Figure 4.2 (a) Typical Raman spectrum of pure HA used as a reference sample, (b) 
Optical image for a pure (0% Ti) HA sample. The Raman spectrum was recorded at the 
sample spot indicated by the red dot. 
 
  The observed Raman bands of pure HA are characterized by correlating their spectral 
position to the corresponding vibrational mode in the molecular structure (see table III). 
Figure 4.2 shows that the strongest phosphate-related Raman feature is the 
1v PO4 
stretching mode which is used for further spectroscopic characterization of HA [164]. 
Careful analysis of this spectral region indicates a small asymmetry on the left side of 
the prominent HA band centered at 963 cm-1. This asymmetry could be possibly 
assigned to the presence of an additional phosphate phase other than pure HA. 
However, this additional feature is weak compared to the main HA band and thus 
various fitting combinations can be performed with equally acceptable outcome 
resulting in only tiny position variations (less than 0.3 cm-1) in the fitting of the strong 
HA band. Thus, the position of the weak band was constrained at different positions 
along the 950-957 cm-1 range and all the other parameters for both bands were freely 
iterated. 
 




Table III Raman bands for pure HA [164] 
Band position (cm-1) Assignment 
420-450 
 
2v PO4 bending mode 
580-590 
 
4v PO4 bending mode 
945-953 (ACP) 
957-964 (Ap, HA) 
1v PO4 stretching mode 
1020-1080 
 
3v PO4 anti-symmetric 
stretching mode 
3570 
OHv stretching mode of 
water 
 
    If the weak band is placed around 950-953 cm-1, it can be assigned to an amorphous 
calcium phosphate phase, whereas if placed at ~955-957 cm-1 it could be an indication 
of either octacalcium or carbonated apatite. However, the presence of an octacalcium 
phase is highly doubtful due to sample heating at 7000C [207]. The best fitting was 
achieved when the weak band was placed at 957 cm-1 which is assigned to the 
presence of carbonate apatite, presumably resulting from the incorporation carbonate 
content during the sample preparation process. The fitting process of this band can be 




Figure 4.3 Raman band separation and non-linear curve fitting of the 1v PO4. The blue 
curved line is the combination of two Voigt profiles and the green line is a linear 
baseline.




  Fifteen spectra of unmodified HA were recorded and fitting of the v1 phosphate mode 
was performed according to the process described in Figure 4.3. The mean position 
and full width and half maximum (FWHM) of the main HA band was approximately 
963.5±0.5 cm-1 and 6.0±0.3 cm-1 respectively. These are typical values reported in the 
literature for the v1 phosphate mode in HA [208]. This is demonstrated in Figure 4.4 
where the 
1v PO4 band (963 cm
-1) is shown for all spectra indicating that the maximum 
variation of the band position is ~1 cm-1. Raman signal intensity fluctuations could be 
attributed to particle size variations in the powder sample. Similar observations were 




Figure 4.4 Raman band of the 
1v PO4 stretching mode for all fifteen Raman spectra 
acquired for unmodified (0%Ti) HA. Each Raman spectrum corresponds to a different 
spot on the powder sample. The maximum variation of the 
1v  mode is approximately 1 
cm-1.  
 
4.2.3 Raman analysis of Ti substituted HA 
  Ti/HA samples with consistently increasing amount of Ti content were subsequently 
investigated by Raman spectroscopy. Five new Raman bands that are not present in 
the spectrum of pure HA can be clearly observed in the Ti/HA spectrum. These bands 
are found at 145 (Eg), 197 (Eg), 399 (B1g), 518 (B1g) and 640 (Eg) cm-1 which are in 
excellent agreement with the Raman bands reported in experiments for anatase 
titanium oxide [210]. These Raman bands are also reported in pseudo-potential band 
calculations performed by Mikami et al using density functional theory on the structure 









Figure 4.5 Raman spectrum of 30% Ti/HA sample. Raman bands highlighted in green 
are typical for anatase titanium oxide. The Raman band highlighted in red corresponds 
to the 
1v  phosphate mode in HA.  
 
  Figure 4.5 shows that HA is accompanied by the presence of additional calcium 
phosphate phases: carbonate apatite (cAp) and beta tricalcium phosphate (β-TCP). 
The β-TCP phase appeared as a prominent shoulder on the right side of the main HA 
band located at ~973 cm-1 [212]. Another band located on the left side of the HA band 
at ~957 cm-1 with a FWHM value of ~12 cm-1 was attributed to the possible presence of 
carbonate apatite [208]. Figure 4.6 shows an example of band separation and non-
linear curve fitting for all calcium phosphate phases observed in the 30% Ti/HA sample.  
 The presence of carbonate apatite in the Ti/HA sample appears to be more prominent 
compared to the unmodified HA, possibly due to the incorporation of CO2 during 
thermal treatment of samples at 700⁰C, whereas the formation of β-TCP could be 
assigned to the decomposition of Ca-deficient apatite present in the Ti/HA samples 
[213]. 
  Figure 4.6 shows an example of band separation and non-linear curve fitting for all 
calcium phosphate phases observed in the 30% Ti/HA sample. 






Figure 4.6 Raman band separation and non-linear curve fitting of the 
1v PO4 envelope 
in a 30% Ti/HA. The blue curved line is the combination of three Voigt profiles and the 
green line is a linear baseline fitting. 
       
  The evolution of the anatase phase as a function of Ti ion substitution within the HA 
lattice is observed by a systematic increase of the anatase-related bands. Figure 4.7 
shows how these bands become prominent at increasing titanium content. For better 
visualization, the general spectrum showing the anatase Raman bands is split in two 
regions. The first region (Figure 4.7a) covers the strong band at 145 cm-1 and the weak 
band at 197 cm-1, whereas the second region (Figure 4.7b) includes the three bands 
located at 399, 518 and 640 cm-1. For comparison, the Raman spectrum of unmodified 




Figure 4.7 Raman spectra of anatase TiO2 at different Ti contentrations. (a) Evolution 
of the Raman bands located at 145 and 197 cm-1 and (b) evolution of the Raman 
bands located at 399, 518 and 640 cm-1. 




  As expected, only phosphate related Raman bands are observed for this sample, 
being significantly weaker than the anatase-related bands detected in the Ti substituted 
samples. 
  Figure 4.7 shows that the strongest anatase related Raman band is located at 145 
cm-1 and it is thus used to investigate the evolution of titanium oxide as a function of 
titanium ion substitution in the apatite structure. Systematic fitting of this band was 
performed for all titanium concentrations and the respective parameters were 
estimated. Due to partial overlapping of this mode with the weak doubly degenerate 
band located at 197 cm-1, simultaneous fitting of both bands was performed. The fitting 
process was initially attempted using Voigt profiles as described by theory. However, 
the Gaussian character of the Voigt profile was almost negligible and thus pure 
Lorentzian profiles were used to describe these two bands. Figure 4.8 shows the fitting 
procedure for a 30% Ti/HA sample. The values for the FWHM were 11.2 and 4.2 cm-1 
for the strong band at 145 cm-1 and the weak band at 197 cm-1 respectively. These 
values are in good agreement with experimental values reported for anatase [210]. The 
same process was repeated for all spectra at all concentrations and the FWHM values 
for both bands were determined with a precision of ~±1 cm-1. 
  Fifteen spectra were taken at different spots on the sample for each Ti concentration 
and the Raman band at 145 cm-1 was analyzed according to the fitting process shown 
in Figure 4.8. The area variation under the 145 cm-1 band was studied and the results 




Figure 4.8 Raman band separation and non-linear curve fitting of the doubly 
degenerate bands at 145 cm-1 and 197 cm-1 for a 30% Ti/HA. The blue curved line is 
the combination of two Lorentzian profiles and the green line is a linear baseline fitting.





  Figure 4.9 shows an exponential increase of the total band area as a function of Ti 
concentration up to 20% Ti. However, an almost linear increase of the band area is 
noticed at 20%, 30% and 50% Ti concentrations. The initial non-linear increase of the 
band area indicates the prominent role of Ti at low concentrations regarding the 
formation of TiO2, whereas further development of this phase appears to be more 




Figure 4.9 Area of the Raman band at 145 cm-1 as a function of Ti concentration. The 
dashed line is a guide to the eye. Each data point represents the mean value extracted 
from the fifteen spectra and the error bars represent the standard deviations.  
 
 4.3 Characterization of Ti/HA structures by transmission electron microscopy 
(TEM) 
  4.3.1 TEM imaging of Ti/HA structures 
Figure 4.10 shows TEM images of 0% and 30% Ti/HA at higher magnification where 
the presence of HA is highlighted. In addition, notable levels of nano-porosity were 
observed for some of the Ti/HA samples that is not an apparent result of electron beam 
interaction. The size of the nano-pores is typically less than 20 nm and they are not 












                   
 
Figure 4.10 Bright field TEM imaging of 0% and 30% Ti/HA samples showing rod-like 
and rounded morphologies, respectively. The observed nano-pores present in both 
samples are illustrated by the red arrows. 
 
  TEM studies performed by Iwasaki et al showed similar structures which were 
assigned to the presence of TiO2 [214]. However, in our TEM studies, these structures 
are also observed in the unmodified (0% Ti) HA where no TiO2 should be present. The 
different contrast associated with these structures is probably related to the fact that 
they are lighter and scatter differently.  
  Bright field TEM imaging performed of Ti/HA samples as a function of increasing Ti 
concentrations is shown in Figure 4.11. The TEM images show that the unmodified HA 
particles (0% Ti) possess rod-like morphologies typically 100-300 nm in length with 
aspect ratios ranging between 1 and 5. However, the addition of Ti content results in 
the formation of more rounded aggregates of 100-200 nm in length that may consist of 
smaller crystallites (<50 nm), possibly assigned to the presence of TiO2 particles. 
 
      
0% Ti 5% Ti 10% Ti 
0% Ti 30% Ti 
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Figure 4.11 Bright field TEM imaging of Ti/HA structures with increasing amount of Ti 
ion concentration. Images taken by Dr. Matthew Bilton.  
 
  4.3.2 Selected Area Electron Diffraction (SAED) analysis of Ti/HA structures 
  Selected area electron diffraction analysis was performed on 30% Ti/HA sample to 
investigate the presence of various phases. Figures 4.12 represent a bright-field TEM 
image used to perform SAED analysis (4.12a) and the corresponding diffraction pattern 
acquired (4.12b,c), respectively. For better visualization, the diffraction pattern taken is 
duplicated in Figures 4.12b and c and the diffraction pattern rings are investigated to 
associate the observed reflections to the HA and TiO2 structures, respectively. 
  The diffraction pattern of the 30% Ti/HA sample exhibits several reflections that are 
well correlated to the presence of HA phase. The majority of the reflections are in 
excellent agreement with the lattice spacing of HA. In fact, the most intense reflection 
of the pattern is present due to scattering from the (211) plane which is prominent for 
the HA structure. However, attempting to associate the observed diffraction rings with 
anatase related reflections yields poor correlation and thus identification of this 
particular phase is not reliable. This discrepancy is attributed to the significantly smaller 
size of anatase titanium oxide particles compared to HA particles resulting in HA 
related reflections dominating the diffraction pattern. 
      
15% Ti 20% Ti 30% Ti 
50% Ti 







Figure 4.12 (a) Bright-field TEM image of 30% Ti/HA sample showing the area used 
for SAED analysis. (b) Diffraction pattern processed with red rings correlated to HA 
phase. (c) Diffraction pattern processed with red rings correlated to TiO2 phase.  
   
4.3.3 Energy dispersive X-ray analysis (EDX) of Ti/HA structures  
  Particle level TEM-EDX analysis showed an average Ca/P ratio of 1.50 ± 0.08 for the 
unmodified HA (0% Ti), measured for 10 particle cluster areas. This is less than the 
stoichiometric value of 1.67 indicating Ca deficient HA. The average (Ca+Ti)/P ratios of 
the Ti/HA samples increases by 0.46 from 1.50 ± 0.12 to 1.96 ± 0.36 with Ti 
concentration increasing from 5% to 30 %.  
    According to Ribeiro et al., the incorporation of Ti into HA may be a surface effect 
and this may lead to the presence of unaltered HA particles and that could explain the 
presence of Ti deficient particles detected here by TEM-EDX as shown in Figure 4.13. 
Moreover, the presence of Ca deficient in the Ti/HA sample could be also related to Ti 
addition leading to the decomposition of Ca deficient apatite into a β-TCP phase [215]. 
This could potentially explain the presence of β-TCP phase detected by Raman 
spectroscopy. 






Figure 4.13 Comparison of Ca/P and (Ca+Ti)/P values for all Ti/HA samples obtained 
by TEM-EDX. 
 
4.4 Morphological investigation of Ti/HA structures by scanning electron 
microscopy (SEM) 
  SEM studies performed on 0% and 30% Ti/HA samples are shown in Figure 4.14. A 3 
nm platinum/palladium coating layer was used to make the samples conductive and 
prevent charging during imaging using an acceleration voltage of 10 kV. 
  The unmodified HA (0% Ti) particles show a rod-like morphology and lengths ranging 
between 100-300 nm, whereas the 30% Ti/HA particles appear more rounded and 
agglomerated. These observations are in good agreement with the morphologies 
detected by the TEM investigations.  
 
      
 
Figure 4.14 SEM imaging of 0% and 30% Ti/HA samples showing the particle 
morphology. 
0% Ti 30% Ti 




4.5 Band gap measurements of the Ti/HA structures 
  The band gap values of Ti/HA structures were determined using a UV-Vis 
spectrophotometer with an integrating sphere containing a spherical-shaped inner 
surface and inner wall. The integrating sphere is effective in causing the light beam 
(measurement light) to enter the sphere and scatter uniformly after interacting with the 
sample. The equipment was calibrated with a Spectralon standard (Labsphere SRS-
99-010). The reflected light was directed onto a detector and the respective spectra 
were recorded. The reflectance spectra were then converted into an adsorption 
coefficient and the equivalent band gap value was determined. These measurements 
were performed by Dr. Alessio Adamiano in ISTEC-CNR (Faenza, Italy). 
  The calculated band gap values from reflectance spectra approach the values 
required for photovoltaic application (3.0 – 3.5 eV) with increasing concentrations of 
titanium. In fact, the band gap value shows a prominent decrease from 6 eV 
(unmodified HA with no anatase present) to 3.84 eV (5% TiHA). Further decrease was 
observed from 3.81 eV (10% TiHA) to 3.75 eV (15% TiHA) and eventually to 3.64 eV 
(30% TiHA). These values are very close to the ones measured for TiO2.  
  Figure 4.15 presents the area of the doubly degenerate Raman band at 145 cm-1 at 




Figure 4.15 Area of the Raman band at 145 cm-1 as a function of band gap value at 
various Ti concentrations. The dashed line is a guide to the eye. Each data point 
represents the mean value extracted from the fifteen spectra and the error bars 
represent the standard deviations. Insert shows the Raman band area for each Ti 
concentration between 5% and 30%.   




4.6 Summary of results 
  Raman spectroscopy, transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) were used to characterize Ti/HA structures with increasing Ti 
content. 
  Raman studies showed the formation and evolution of anatase titanium oxide as a 
function of Ti ion incorporation. The doubly degenerate mode located at 145 cm-1 was 
investigated at each Ti concentration, indicating that the evolution of anatase followed 
a non-linear trend between 5% and 15% Ti, whereas an approximately linear 
development was observed for Ti concentrations ranging from 20% up to 50%. In 
addition to the formation of anatase titanium oxide, calcium phosphate phases other 
than pure HA were also detected. The Raman shoulder located at 973 cm-1 was 
attributed to the presence of β-TCP, while the Raman band at ~957 cm-1 was assigned 
to a carbonate apatite environment.  
  TEM investigation revealed morphological details for pure HA and Ti substituted HA 
samples. Pure HA particles demonstrated a rod-like morphology, whereas Ti/HA 
particles appeared more rounded in shape. Chemical composition analysis of the Ti/HA 
samples was performed by EDX characterization and Ca/P ratio values of less than 
1.67 were consistently obtained indicating the presence of Ca deficient apatite.  It has 
been reported that the formation of Ca deficient apatite could be due to Ti substitution 
that subsequently decomposes into β-TCP at elevated temperature levels. This could 
possibly explain the presence of β-TCP that is observed with Raman spectroscopy. 
The TEM observations regarding the morphology of Ti/HA particles are also supported 
by SEM studies.  
  The band gap values of Ti/HA samples were measured by a UV spectrophotometer 
showing a rapid decrease between 0% and 5% Ti content which is followed by a 
progressive decrease for Ti concentrations up to 30%. For Ti/HA structures containing 
more than 15% Ti, the band gap values approached ~3.7 eV which is close to the 
values measured for TiO2. These findings demonstrate that Ti/HA bio-composite 
structures can exhibit useful electronic properties in combination with the 
biocompatibility introduced due to the presence of HA. As a result, this material system 
can be considered as a prominent candidate to design a new generation of electronic 
textiles that contain integrated solar cell devices with high efficiency and better 








Molecular mechanics of collagen/cAp bio-composites 
  This chapter presents in situ molecular studies of collagen/cAp bio-composites with 
consistently increasing carbonate apatite (cAp) content under mechanical stress using 
a novel micro-electromechanical device (MEMS) coupled to a Raman microscope. The 
structure and morphology of these bio-composites are characterized by Raman 
spectroscopy, X-ray diffraction (XRD) and a combination of light and electron 
microscopy (SEM, TEM) techniques under no mechanical stress.   
  The chapter starts with a general overview of the previous work performed on the 
mechanical properties of collagen and mineralized tissues on the macroscopic and 
molecular level. This is followed by a thorough description of the design and calibration 
of a novel ‘’home-built’’ micro-electromechanical device coupled to a Raman set-up to 
allow for the in situ measurements. The complete characterization of the bio-composite 
materials is then performed using state-of-the-art Raman spectroscopy and electron 
microscopy techniques starting from native collagen (0% content) up to highly 
mineralized collagen (70% mineral content). Furthermore, the results regarding the 
molecular response of collagen/apatite related Raman bands to external stress as a 
function of increasing mineral content are presented. 
  The last section of this chapter contains a general discussion of the obtained results 
regarding the use of this novel device to perform molecular studies on micro-fibers 
under mechanical stress using Raman spectroscopy. The significant findings of these 
experiments highlight the interaction of collagen and apatite by reporting a prominent 
shift of the position of certain Raman bands (e.g. proline) as a function of increasing 
apatite content and macroscopic strain.  
  A significant part of the results presented in this chapter was previously published in 











5.1 Overview of mechanical studies performed on collagen 
  Comprehending the link between the mechanical and the molecular properties of 
micro-fibrillar materials is of great importance for the design of hard-soft matter 
composites such as collagen/apatite micro-fibers for biomedical applications, e.g. as 
growth templates for bone formation [217],[218]. This is crucial for the controlled 
realization of composites with desired mechanical properties including optimized 
fracture toughness and Young’s modulus. In this context combining Raman microscopy 
with in situ stress-strain measurements is a powerful means to investigating the 
molecular response of materials to external tensile stress. 
  Type I collagen is known to be the most abundant protein present in the human body 
and other vertebra [125]. It is the main building block of connective tissues such as 
tendon and bone consisting of amino acid sequences arranged in a characteristic triplet 
(Gly–Pr–HyP), where Gly, Pr and HyP assign glycine, proline and hydroxyl-proline, 
respectively providing almost 30% of the peptide chain [125],[219].  Hard carbonate 
apatite (cAp) combined with soft collagen is a crucial component of bone and form a 
three-dimensional hierarchical bio-composite structure resulting in the extraordinary 
combination of fracture toughness and stiffness of bone. 
  The correlation between mechanical properties and molecular structure requires a 
deeper understanding of the mechanism by which this hierarchical material responds to 
external forces and how it accommodates mechanical stress. As a result, a wide range 
of techniques has been utilized in the past years to study the mechanical behavior of 
biomaterials with specific interest in the tensile properties of biological fibers with 
diameters ranging from the mm to the nm level using various devices for mechanical 
experiments.  
  Commercial devices enable the study of bulk materials (dimensions close to the 
millimeter), which – similar bone and mineralized tendon – have a complex hierarchical 
microstructure where individual components at different structural levels can contribute 
to the macroscopic mechanical properties [9],[218],[220],[221]. This restriction does not 
allow direct interpretation of the obtained results due to the fact that stress takes place 
along convoluted pathways as a result of the three-dimensional nature of the 
specimen. An alternative method is atomic force microscopy (AFM) that can be used to 
study fibers on the nanometer level [222]. Nevertheless, AFM itself does not provide 
insight on the molecular response to mechanical stress. These limitations motivated 
this effort to design a special stage for Raman experiments enabling the investigation 
of micro-fibers using bespoke glass needles to apply forces in the mN range required 
for materials such as mineralized collagen. This is driven by the fact that the elastic 
modulus of collagen lies in the order of hundreds of MPa and thus micro-fibers with 




diameters below 100 μm necessitate external forces in the order of mN to acquire 
observable extension upon loading. This research is triggered by the interest in 
producing novel collagen/apatite bio-composites as potential substrates for implant 
overgrowth by bone which in turn motivated particular studies of collagen-based micro-
fibers [223]. 
  Raman spectroscopy is a powerful technique to investigate the molecular structure of 
materials [224]. It is particularly advantageous for the investigation of water-containing 
bio-composites since it is not affected from the strong absorption observed in other 
spectroscopic techniques such as Fourier transform infrared spectroscopy (FTIR) 
[224]. Moreover, there is no need for large amounts of material or any special type of 
sample preparation. The mechanical properties of collagen have been extensively 
studied using various types of commercial or home-built devices for measurement. As 
an example bundles of collagen fibers extracted from rat-tail tendon have been 
subjected to tensile stress using commercial devices to study the bulk mechanical 
behavior [225] as well as combined with Raman spectroscopy to probe structural 
changes at the molecular level [226]. It was observed that for the initial “toe” region, 
corresponding to a straightening of fibrils, there is no significant wavenumber change 
associated, but with additional tensile load the triple helical unit undergoes stress which 
results in a more prominent wavenumber shift of the respective Raman band.  
  Eppel et al. investigated the mechanical properties of single collagen fibrils under 
tensile stress using a home-built micro-electromechanical device (MEMS) that allowed 
the use of fluorescent markers to enable imaging of the fibrils [227]. This is useful for 
strain measurements at the nano-scale, while nano-indentation was applied on single 
fibrils using an AFM tip to investigate bulk mechanical properties. In these experiments 
values of the elastic modulus between 3.7 GPa and 11.5 GPa were found where this 
broad variation was assigned to natural differences of the fibril’s mechanical properties, 
dehydration effects and sensitivity of the calibration of the nano-indentation cantilevers 
[228].  
  Furthermore, AFM was used to apply tensile stress on collagen fibrils extracted from 
red deer antler containing different amounts of mineral ranging from 30% to 60% for 
investigation of their mechanical response [222]. Two distinct mechanical response 
patterns were observed depending on the amount of mineral with the fiber becoming 
stiffer at higher stresses due to the presence of these mineral crystals. Other 
commercially available devices used in conjunction with Raman spectroscopy were 
also employed for in situ molecular studies of the mechanical properties of pig-tail 
tendon [229] and human skin [230]. The findings indicate further fiber stiffening due to




 ageing and molecular stretching of the collagen backbone with applied strains 
resulting in a prominent Raman shift of collagen peaks at lower wavenumbers.  
  Masic et al. [218] performed in situ polarized Raman spectroscopy under tensile 
stress on rat-tail tendon collagen using a custom-built device to investigate the 
mechanical response of collagen fibers at different stresses with changing polarization 
directions of the incident light. Their results show that considerable molecular 
reorientation occurs when passing through the various regions (linear, post-linear) of 
the stress-strain curve, but the positions of Raman bands do not appear to change as a 
function of stress. 
  However, no systematic in situ Raman spectroscopy studies of collagen micro-fibers 
under stress and different levels of mineralization have been reported. Focusing these 
studies on micro-fibers instead of bulk specimens is crucial since highly hierarchical 
bio-composite structures such as bone and tendon will anisotropically respond to the 
applied mechanical stress. As a result, the distribution of strain mainly depends on the 
internal structure of the specimen under investigation. This makes a de-convolution of 
the different contributions to the stress-response (e.g. molecular stretching) highly 
strenuous. Micro-fibrous samples can be uni-axially elongated reducing the possible 
routes for stress-relaxation to molecular stretching ad inter/intra-fibrillar glide. The 
technique presented in this study facilitates mechanical manipulation of micro-fibers on 
a length-scale among that accessible using AFM and standard macro-scale 
mechanical testing tools. Hence, this technique combined with in situ Raman 
spectroscopy can shed important light into the correlation between the molecular 
structure of micro-fibers and their mechanical properties. 
 
5.2 Experimental approach 
5.2.1 Description of the micro-electromechanical device (MEMS) 
  A custom-built micro-electromechanical device was designed to be compatible with a 
Raman spectrometer for in situ investigations. The characteristics of this device can be 
summarized: (a) it is possible to perform Raman spectroscopy on a micro-fiber while 
simultaneously applying tensile stress for in situ molecular studies of structural 
variations due to mechanical deformation, (b) the load can be repeatedly applied and 
removed by displacing the calibrated micro-needle with a piezo-translator (PZT) to 
follow elastic or plastic deformation and (c) bespoke micro-needles with a variety of fine 
tip lengths and/or diameters can be generated to provide spring constants of the 
necessary magnitude for applying mechanical stress to micro-fibers. This device 
combined with Raman microscopy enables the investigation of the molecular response 




of mineralized and/or non-mineralized collagen under tensile stress as well as how 
increases in the mineral content of collagen can affect the mechanical properties. 
  Figure 5.1a and 5.1b show a schematic and a real representation of the micro-
electromechanical system integrated into a stainless steel housing for mechanical 
stability and environmental control. The central components of the micromechanical 
system are two glass micro-needles with different stiffness values – a static stiff needle 
is fixed to one end of the micro-fiber, while a flexible needle attached to the opposite 
end of the micro-fiber behaves as the calibrated force transducer. The flexible needle is 
mounted to a PZT and is calibrated gravimetrically using sets of defined weights. The 
flexible micro-needle can be uni-axially displaced by the PZT within a range of up to 
450 µm, generating a calibrated force that is applied reversibly to the micro-fiber. The 
static micro-needle attached at the opposite end of the micro-fiber should not bend 
during the experiment. This can be ascertained by using a static micro-needle with 
approximately half the length and twice the diameter of the flexible micro-needle. 
Moreover, it is required that the flexible micro-needle behaves elastically upon 
deflection obeying Hooke’s law. The spring constant of the flexible micro-needle is 
selected such that the resulting force applied to the micro-fiber is adequate to observe 
a tensile response in the mN force range. In this configuration, the micro-fibers are 
manually attached to both needle tips using crystal bond (SPI Supplies Inc.) and the 




Figure 5.1 (a) Schematic view of the stress-strain device showing the key components. 
The calibrated flexible needle is attached to the piezo drive and the static glass tip is 
mounted to a stable support. The calibrated needle is displaced using the piezo drive 
exerting uniaxial stress. (b) Photograph of the stress-strain testing device. The side 
length of the casing is 11.5 cm [216]. 




5.2.2 Generation of flexible glass tips 
  Borosilicate glass micropipettes (Corning®) with an outer diameter of 1 mm and an 
inner diameter of 0.55 mm were used together with a Narishige PP-830 pipette puller to 
create glass tips with tip diameters of 50-250 µm. The initial thick glass tube is fixed at 
positions 1 and 2. The weight is moved downwards (indicated by a red arrow in Figure 
5.2) after adequate heating by the filament making the glass tube thinner in the middle. 
Two glass tips can be obtained by carefully separating the glass tube in the middle 
using pair of tweezers. The temperature of the filament can be adjusted by fine-tuning 
the voltage level. The speed by which the weight is moved downwards after heating 
can affect the homogeneity and diameter of the tips produced. The vertical 
displacement of the weight was manually controlled in this case. The Narishige PP-830 
puller is shown in Figure 5.2 below.      
.  
   
 
 
Figure 5.2 Photograph of the Narishige PP-830 pipette puller used to produce thin 
glass tips. The initial thick glass tube is fixed at positions 1 and 2. The weight is moved 
downwards (as shown by red arrow) after adequate heating by the filament.  
 
5.2.3 Calibration process for MEMS   
  For calibration, an optical lens array set-up was employed to determine the spring 
constant of the flexible tip. This was realized by using an LED illumination of the tip 
from the backside via an optical fiber and several lenses to project a magnified image 
of the tip onto a computer-controlled CCD camera (902DM2S; Watec Co. Ltd.,




 Tsuruoka, Japan). The deflection of the tip was then measured as a function of applied 
tungsten weights using Hooke’s law. 
  The calibration process included determining the tip deflection on the computer 
screen against its real displacement for a known distance using a micro-caliper and 
then using this correlation the tip deflection was subsequently measured as a function 
of the tungsten weights with increasing masses (see Appendix A1). Knowing the 
gravitational forces generated due to the weights, the calibration curve was constructed 
to extract the spring constant of the glass tip. 
  Figure 5.3 shows a schematic representation of the calibration setup. Images of the 
needle tip were recorded before and after the flexible tip was displaced by a caliper. 
For the lens array calibration, it was found that 1 mm of real displacement 
corresponded to 206 pixels displacement for all experiments providing a resolution of 




Figure 5.3 Schematic representation of the optical set-up used for calibration. The 
glass needle is equipped with a light source. The light is propagating and focused 
through a pair of converging lenses (L1, L2). After a further magnification (L3, L4) the 
light spot image is projected onto a CCD camera and the resulting image computer 
processed [216]. 
 
  Tungsten wires with different thicknesses and thus varying masses were used for the 
tip calibration by loading them to the edge of the glass tip. The position of the 
illuminated tip was determined using the CCD camera before a weight was applied and 
compared to that resulting from the deflection caused by the weight. The displacement 
in pixel units was determined by calculating the vertical distance that the light spot 
moved on the computer screen upon loading due to the gravitational force. The 




position of the needle tip with and without the weight for calibration was defined. This 
process was repeated four times for each mass (see Appendix A3).  
  Due to the cylindrical symmetry of the needle tip, it was assumed that the position of 
the tip is defined at the center of the light spot. For this purpose, line scans along the y-
direction were taken across each image and the intensity profiles were subsequently 
plotted. Figure 5.4 provides raw images recorded for each mass and particularly 
illustrates the process of taking intensity profiles for mass 1. The red and blue dashed 
lines indicate the line scans acquired to determine the displaced and equilibrium 
position of the light spot respectively. All intensity profiles followed a Gaussian 
distribution and curve fitting was performed to determine the precise location of the 
distribution maximum. This location was considered as the position of light spot. The 
difference between positions 1 and 2 represents the tip deflection for this particular 




Figure 5.4 Example of calibration images for all four tungsten masses. The indicated 
difference corresponds to the deflection of the tip for each mass. (a) The mass is 
applied on the edge of the tip. (b) No mass applied on the tip. Red and blue lines 
represent the line scans taken to plot the intensity profiles. Δy is the required 
displacement. 
 
   The gravitational force acting on the needle tip was then calculated from the following 
mathematical formula: 
 
                                                       mgFg                                                       Eq. 21 




 where, m represents the tungsten mass and 2/81.9 smg  is the gravitational 
constant. Four tungsten weights with increasing masses (293, 465, 632 and 778 
milligrams) were used for the calibration and the resulting gravitational forces and the 
mean displacements in mm are shown in Fig. 5.5. The force exerted on the tip [231] is 
given by: 
 
                                                    ykFR                                                            Eq. 22 
 
where, k is the spring constant of the glass tip and y is the displacement of the tip 
caused by the gravitational force on the mass m. In addition, it is required that: 
 





                                          Eq. 23 
 




Figure 5.5 Force – deflection curve of the glass needle with increasing load. A linear fit 
(black line) was applied to determine the spring constant from the calibration. The data 
points represent mean values and the error bars represent the full range of variation in 
the data for which the average deflection (n = 4) was calculated. The goodness of the 
linear fit was R2=0.998 [216]. 




  Figure 5.5 shows that there is a linear relation between force – deflection which 
confirms that the glass tip follows Hooke’s law and behaves elastically in this range of 
forces and the slope of the linear fit is calculated to be 0.0555. However the graph is 
expressed in deflection (y-axis) as a function of force (x-axis). As a result, taking the 
reciprocal of the value above, it is found that the spring constant of the glass tip has a 
value of k=17.9 ±1.2 mN/mm. This value was used to estimate the forces exerted on 
the micro-fibers by the displacement of the piezo-drive and subsequently calculate the 
resulting stress values. 
 
5.3 SEM characterization of the collagen/apatite bio-composites  
  The collagen/apatite bio-composites were characterized using scanning electron 
microscopy. The samples were coated with platinum/palladium to become conductive 
and prevent charging during imaging. The thickness of the coating layer was 3 nm and 
the accelerating voltage used was 5 kV. Figure 5.6 shows an SEM image of collagen 
fibrils without mineral content (0% cAp), revealing fine morphological details of some 
structural features related to collagen.  
  The characteristic D-banding present in collagen fibrils can be distinguished and 
measured to about ~67 nm. It can be observed that the collagen fibrils appear 




Figure 5.6 SEM image of collagen fibrils without mineral content. The D-banding 
pattern is indicated with a length of 67 nm. 




  Figure 5.7 shows SEM images of collagen/apatite bio-composites with different 
mineral contents, ranging between pure collagen (0% cAp) and highly mineralized 
collagen (70% cAp). The presence of cAp incorporated within the collagen matrix is 
clearly visible for all three mineralized samples (30%, 50% and 70%). For the 30% 
sample, both cAp and collagen phases are well-defined and one can easily distinguish 




Figure 5.7 SEM images of collagen/apatite bio-composites consisting of 0%, 30%, 
50% and 70% cAp. 
 
  However, significant increase in apatite content makes distinction of these two phases 
very difficult as illustrated for SEM images taken for 50% and 70% apatite contents. 
According to Figure 5.7, the difference is even more pronounced between the 30% and 
50% samples, where the apatite presence becomes prominent and dominates the 
collagen matrix to a large extent.    
  
5.4 TEM characterization of the mineral phase  
  Transmission electron microscopy combined with selected area electron diffraction 
(SAED) were performed to investigate the morphology and crystalline nature of the 
apatite phase embedded in the collagen matrix of the bio-composites respectively, as 




shown in Figure 5.8 below. TEM imaging and SAED were also performed on human 
bone for comparison. 
 Thin lamellae of human femur bone and 70% mineralized collagen micro-fibers were 
prepared using focused ion beam milling (performed in the University of Leeds). A 
comparison between the micro-fibers and the structure of human bone revealed that 




Figure 5.8 Comparison between mineralization in bone and in the collagen/apatite 
microfibers studied in this work. (a) Focused ion beam prepared lamellae were 
prepared from human femur bone (left) and 70% mineralized collagen microfibers 
(right). (b) TEM bright field images showing the nano-crystalline mineralization pattern 
typical for bone (left) and that found in the investigated microfibers (right). (c) Selected 
area electron diffraction (SAED) patterns show the presence of apatite within the 
samples [216].  
 
  However, the morphology of the apatite nano-crystals is somewhat different regarding 
crystal diameters and elongation leading to broader diffraction rings. TEM studies of 
mineralized collagen have previously been performed confirming the presence of 
apatite within the collagen fibrils [232].  
 




5.5 X-Ray Diffraction (XRD) characterization of the mineral phase  
  Powder XRD was performed using a Bruker D8 powder diffractometer equipped with 
a Cu source. Mineralized collagen micro-fibers with 70% cAp content were placed on a 
metal plate and homogeneously distributed to cover the entire plate surface. The plate 
was subsequently rotated and measurements were recorded over a 2θ = 20-37° range 
with a 0.0013° step size. Each step was averaged over 4.8 s per point with a total 
acquisition time of 24 hours. Generator voltage and current were set to 40 kV and 40 
mA respectively. Figure 5.9 shows the diffraction spectrum of 70% mineralized 
collagen. Two prominent bands at angle values of 25.9 and 31.9 are attributed to the 
002 and 211 reflections in apatite respectively [233]. These bands appear wider 
compared to the bands observed for pure hydroxyapatite. This can be attributed to the 
carbonate content incorporated during the mineral formation. Hence, carbonate apatite 




Figure 5.9 Powder X-Ray diffraction on 70% mineralized collagen sample. 
   
5.6 Determination of cAp content by thermo-gravimetric analysis (TGA) 
  The amount of cAp content present in collagen/cAp bio-composites was determined 
by thermo-gravimetric analysis. The TGA experiments were performed by Dr. Monica 
Sandri (ISTEC-CNR at Faenza, Italy) and the results are shown in Figure 5.10. The 
physicochemical behavior of two examples of collagen/cAp bio-composites (50/50 and 
70/30) as a function of increasing temperature are plotted for comparison. 
  At the beginning, weight loss occurring in the composite between 50 and 150°C is of 
about ~5-10%. At 200°C, a further weight loss takes place in two steps until completion




 observed at 650°C, indicating the rupture of collagen in gelatin fragments with a 
subsequent degradation of organic components and their total elimination due to 
combustion [162]. The experimental error was found to be ~5-10%. The total weight 
loss represents the nominal organic fraction contained in the two composites and thus 
approximately 80% and 55% collagen correspond to a nominal fraction of 70% and 
50% collagen respectively (see Figure 5.10) [162]. This discrepancy is attributed to the 




Figure 5.10 TGA curves of 50/50 and 70/30 collagen/cAp bio-composite.  
 
5.7 Characterization of the collagen/cAp bio-composites using Raman 
spectroscopy  
  In addition to structural characterization using electron microscopy, the 
collagen/apatite bio-composites were further investigated by Raman spectroscopy. 
Figure 5.11 shows the general Raman spectra of collagen with and without the addition 
of apatite content. The integration time was 6 seconds and 10 scans were averaged to 
improve the signal-to-noise ratio. The Raman spectra were recorded with a 50x long 
working distance lens focusing the laser beam to a spot size of ~1-1.5 μm in diameter. 
The good signal-to-noise ratio allows for clear identification of both collagen and 
carbonate apatite Raman bands. The assignment of all collagen/cAp Raman bands is 
displayed in table IV and shows the correlation of the wavenumber position with the 
specific vibrational mode found in the material structure. 






Figure 5.11 Typical Raman spectra of unstrained non-mineralized collagen (0% cAp) 
and mineralized collagen (70% cAp) showing all the characteristic collagen/cAp related 
Raman bands The presence of cAp related bands is indicated in green and collagen 
related bands are represented in black [216]. 
 
Table IV Collagen/cAp Raman bands [234],[235]. 
Band position (cm-1) Assignment 
420-460 
 
2v phosphate bending mode 
570-620 
 
4v  phosphate bending mode 
850-860 
 
proline [v (CC),  (CCH)] 
870-880 
 
hydroxyproline [ v (CC),  (CCH)] 
957-959 
 












v (CH₂,CH₃) amino acid side chains 
3220-3225 
 
v (OH) in water 
 




  Figure 5.12 shows the 
1v PO4 stretching mode observed in the Raman spectra of the 
70% collagen/cAp bio-composite and pure HA. The comparison between these two 
spectra indicates the prominent differences in both the position and width of this 
particular Raman band. The phosphate band of the mineral content found in collagen 
exhibits significantly larger width (13-16 cm-1) compared to the phosphate band in pure 
HA (6-7 cm-1). In addition, the band position shows a variation of 3-4 cm-1. Both 
observations indicate the prominent role of carbonate content in the mineral 




Figure 5.12 Raman spectra of the 
1v PO4 stretching mode in 70% collagen/cAp bio-
composite (red) and pure HA (blue).  
 
5.8 Mechanical characterization of collagen/cAp bio-composites 
  5.8.1 Mechanical elongation of micro-fibers 
The micro-fiber elongation due to the external stress was determined by measuring the 
length of the micro-fiber when relaxed and strained as shown in Fig. 5.13. We applied 
equivalent stresses with a strain rate of 0.6-0.9 %/s where the stress is given by the 
applied force divided by the cross-sectional area of the micro-fiber. Assuming 
cylindrical geometry for the micro-fiber, the area was determined from A = πr2, where r 
is the micro-fiber radius. Since the diameter is not always homogeneous along the 
entire length, it can be difficult to determine the equivalent stress values for the whole 
micro-fiber. In such cases, the stress can be calculated only for a portion of the micro-
fiber where the diameter is approximately homogeneous during an elongation of 
several micro-meters and Raman spectra were recorded at these positions. The optical 
images shown in Figure 5.13 are recorded using 5x magnification objective lens. 





Figure 5.13 Optical microscopy images of (a) relaxed, (b) strained and (c) ruptured 
collagen micro-fiber using the PZT device [216]. 
 
5.8.2 Stress-strain investigation of collagen/cAp bio-composites 
  Figures 5.14a and 5.14b show a scanning electron micrograph of a single 50% 
mineralized fibril and the stress-strain curves of 0%, 50% and 70% mineralized 
collagen micro-fibers, respectively. It was observed that the addition of apatite crystals 
in the collagen matrix significantly changes the mechanical response of the micro-
fibers.  
   
 
Figure 5.14 (a) SEM image of a 50% mineralized collagen fibril. (b) Stress-strain 
curves of non-mineralized (red), 50% mineralized (blue) and 70 % mineralized (black) 
collagen micro-fibers. Dashed vertical lines indicate maximal strain at micro-fiber 
rupture. σ refers to the stress (MPa), ε to the strain (%), and η to the amount of mineral 
content (wt%). Error bars represent the full range of variation in the data for which the 
average stress (n = 7) was calculated [216]. 
 
Due to the limitations of the PZT displacement range, maximal strains of 6.4% could be 
realized for the non-mineralized collagen micro-fibers. For the 50% mineralized 
collagen, rupture of the micro-fiber was observed at approximately 6% strain. The 
presence of apatite crystals was found to enhance the stiffness of the micro-fiber, while 
it also reduced its elastic deformation range and thus its fracture toughness. This




 behavior was even more pronounced in the case of 70% mineralization where all 
investigated micro-fibers ruptured for strains above 1%. 
 
5.9 Molecular response of collagen/cAp bio-composites under tensile stress by 
in situ Raman spectroscopy 
  Collagen micro-fibers with different mineral content were subjected to uniaxial tensile 
stress using the custom-built device as shown in Figure 5.13. Simultaneous Raman 
spectra were acquired to probe the molecular response to the applied stress. The 
micro-fibers were strained incrementally and Raman spectra were repeatedly recorded 
at each strain level.  
  Potential laser-induced chemical modification of the sample during Raman 
microscopy was probed by acquiring spectra as a function of time at a single spot on a 
static micro-fiber over a period of more than 3 hr (see Appendix B). By selecting low 
laser intensities optimized for spectral acquisition (3-6 mW laser power at the sample), 
it was ensured that the observed Raman spectral shifts were due to applied 
mechanical stress and not caused by thermally-induced changes in the micro-fiber. 
  At this point, it is important to note that the fundamental difference between 
instrumental spectral resolution and precision in Raman band position assignment 
should be noted here. According to previously published reports [236],[237], the 
position of a Raman band determined via curve fitting (assuming low-noise spectral 
data) can be assessed with sub-pixel resolution, and provides wavelength precision 
which is 10-30 times higher than the instrumental spectral resolution. As a result, 
Raman shifts of certain bands can be subsequently measured with a precision of 
approx. 0.05 cm-1 allowing for a detailed analysis of the response of characteristic 
Raman bands to stress.  
  Whereas the non-mineralized micro-fiber showed no detectable shift of any of the 
collagen-related bands, a clear shift of the proline related Raman band was observed 
as a function of strain for the highly mineralized micro-fiber, as shown in Figure 5.15 for 
0% and 50% mineralized collagen micro-fibers at different applied strain values. 
  The Raman envelope in the region between 830-890 cm⁻¹ consists of two overlapping 
bands assigned to proline and hydroxyproline, respectively. Raman band separation 
and non-linear curve fitting was applied using Gaussian models to determine the 
characteristic parameters of each band (position, intensity, width). Baseline correction 
was also included to remove the fluorescence background. Due to the two bands 
having similar intensity levels, complete unconstrained curve fitting becomes less 
reliable. Since we are investigating possible Raman shift positions as a function of 
strain we left the positions and widths of both bands unconstrained. The number of




 proline and hydroxyproline amino acids can be represented by the respective intensity 
of each Raman band. Thus, the intensity ratio of proline/hydroxyproline bands is not 
expected to vary with strain, which is also observable by visual inspection. As a result, 
the intensity ratio of the two bands was kept approximately constant when fitting 
Raman spectra for 0% and 50% mineralization.   
  The proline Raman shift at increasing strain values becomes more prominent at 
higher values for η as shown in Figure 5.16a. For  η= 0%, the proline band did not 
show significant variations for strains up to values of 4.5%, while for 50% 
mineralization, a prominent Raman shift of -1.6 cm-1 could be observed for similar 
strain values. Previously, it has been reported that significant Raman shifts in non-
mineralized collagen could only be observed for strain values of 17% and higher [229]. 
The Young’s modulus - as determined from the stress-strain curves - shows a 
pronounced increase for mineral content above 30% reaching ~6 GPa in the case of 




Figure 5.15 Raman band separation and non-linear curve fitting of the proline (Pr) and 
hydroxyproline (HyP) related signals for non-mineralized (0%) and 50% mineralized 
collagen micro-fibers at different strain values. Each graph shows the original Raman 
data in the middle, the subtracted backgrounds (green lines), the decomposed spectra 
(bottom) and the residual (top) [216].  




   
 
Figure 5.16 (a) Raman shift of the proline band as a function of strain for 0% (red), 
30% (green), 50% (blue) and 70% (black) mineral content of the micro-fibers. Dashed 
lines represent exponential fits to the data. (b) Young’s modulus E (red) as a function 
of the degree of mineralization η. The error bars represent the full range of variation in 
the data for which the average Raman band shift (n = 3) and Young’s modulus (n = 7) 
were calculated [216]. 
 
  These findings reveal a strong correlation between the molecular and the mechanical 
properties of collagen, and the crucial role of mineral crystals for load transfer into the 
collagen matrix. According to atomistic simulations performed by Nair et al., the gap 
regions between tropo-collagen helices are more deformable and hence the overlap 
regions carry more stress in non-mineralized collagen [238]. When apatite crystals form 
within the fibrils, the overlap regions become less deformable and the stress is 
transferred to the collagen molecules [238]. The interpretation of the correlation 
between mineralization and stress-strain response of the micro-fibres is summarized in 
Figure 5.16.  
  The schematic models in Figures 5.17a and 5.17b show the staggered arrangement 
of the triple-helical collagen molecules found in collagen fibrils in the absence (Fig. 
5.17a) and presence of mineral nano-crystals (Fig. 5.17b, indicated in yellow). The 
presence of the mineral phase leads to an enhanced connectivity between the tropo-
collagen molecules and hence an increased interlocking of fibrils. As a consequence, 
the presence of the mineral effectively alters the load transfer mechanism and hence 
the mechanical properties. In this context, the alignment of the apatite nano-crystals 
with respect to the collagen fibril orientation is expected to play an important role. The 
arrangement of the apatite nano-crystals in the context of the collagen fibers in human 
femur bone (Fig. 5.17c) can be observed in a scanning transmission electron 
microscopy (STEM) image of the apatite nano-crystals and the collagen fibrils, which




 are identifiable due to their characteristic D-banding. Note that the sample was not 




Figure 5.17 Schematic illustrating the role of increased degree of mineralization in the 
enhanced stiffness of collagen. (a) Unloaded and loaded case of non-mineralized 
collagen showing the gap region between the triple collagen helices expanding. (b) 
Unloaded and loaded case for mineralized collagen (mineral phase in yellow) showing 
the mineral nano-crystals interlocking the triple helices. (c) Apatite crystals in the 
collagen matrix of human bone as observed by STEM. Scale bar is 100 nm [216]. 
 
  There is a clear indication of a general alignment of the cAp nano-crystals with the 
long axes parallel to the orientation of the collagen fibrils. Previous reports on the 
stress-strain response of bone have highlighted the role of non-collagenous organics in 
the dissipation of energy [239],[240]. In particular, the possibility of stress relaxation via 
the reversible disruption of a largely homogeneous glue-like matrix of organic polymers 
such as polysaccharides has been suggested to explain the high toughness observed 
in bone [238]. 
  The Young’s modulus of bone has been reported to be approximately 20 GPa [241], 
which is about three times higher than our value for 70% mineralized collagen. This 
difference might be attributed to the absence of the non-collagenous component in our 
samples as well as the cross-linking between the collagen fibrils. However, a value of 
approximately 5 GPa, as found in this study, is close to that of bone and despite the 
observed differences in the mineral microstructure, demonstrates the ability of the 
synthesis technique employed here to generate collagen/apatite composites with 
elastic properties similar to their natural counterpart. 
  It has previously been noted that mineral/collagen interactions may be a key factor in 
defining the characteristic hardness and fracture toughness of bone [240]. In particular, 
the stress release and energy dissipation pathways are determined by the nature of the 
interfaces between the apatite mineral and the tropo-collagen. The responsiveness of




 the proline/hydroxyproline bands to tensile stress can therefore provide valuable 
information regarding these interfaces. 
 
5.10 Summary of results 
  A novel custom-built electromechanical device combined with in situ Raman 
microscopy was used to study the molecular response of collagen micro-fibers with 
different amounts of apatite mineralization under tensile stress. This study reports that 
the presence of cAp crystals in the collagen triple helical matrix results in the 
enhancement of the elastic modulus of the micro-fibers, which is accompanied by a 
wavenumber decrease for the proline and hydroxyproline Raman bands with increasing 
strain. This is in contrast to non-mineralized collagen, where the elastic modulus is 
considerably lower and no significant dependence of the proline Raman band on the 
applied stress could be detected. At levels of mineralization similar to those found in 
bone, the mechanical properties approach those of bone despite the absence of cross-
linking in the collagen matrix. The observed systematic correlation between Young’s 
modulus and proline Raman band shift is explained by a structural enhancement via 
molecular interlocking mediated by the mineral phase, which leads to an enhanced 
stiffness as well as sensitivity of the proline ring conformation to applied mechanical 
stress. Hence, it is suggested that a similar interlocking mechanism acts in natural 
bone and contributes significantly to its overall mechanical properties. Current efforts 
focus on the use of computational simulations to determine the specific mechanism 
behind the molecular response of the proline ring structure to stress as revealed by the 








Summary and future work 

















6.1 Transformation of ACP to cAp 
  The formation of stable apatite from cit-ACP was investigated by in situ Raman 
spectroscopy and ex situ TEM. The presence of citrate prevents instantaneous 
transformation of ACP and also mimics bone structure as natural bone contains 2 wt% 
of citrate. The transition from the amorphous precursor to the more stable apatite 
structure was studied in various ionic solutions showing extremely different 
transformation times. The experimental results obtained with both techniques 
demonstrate that the transition is accelerated by 75 times when a phosphate based 
ionic solution (e.g. PBS) is used compared to a solution that does not contain any 
phosphate species (e.g. H2O). It is thus suggested that a surface mediated mechanism 
could possibly regulate the transition process by removing the citrate surrounding the 
ACP particles to promote the growth of apatite. However, the phosphate environment 
of the solution is accelerating the citrate removal and combines to the phosphate 
species present in the ACP structure resulting in super-saturation that makes the 
transition significantly rapid.  
  The morphological studies of ACP and apatite particles at different crystallization 
stages by ex situ TEM showed typical rounded and platelet shapes respectively. 
Moreover, Raman band analysis upon complete transformation showed that the main 
mineral environment was carbonate apatite with residuals of amorphous calcium 
phosphate.   
 
6.2 Effect of Ti ion substitution on the apatite structure 
  Raman spectroscopy was performed on pure and Ti substituted HA samples heated 
at 7000C showing the formation and evolution of anatase titanium oxide as a function of 
Ti content. Raman band analysis of the unmodified sample (0% Ti) showed that the 
main mineral environment is stoichiometric HA with possible indication of some 
incorporated carbonate apatite. The analysis of anatase related Raman bands 
demonstrated that the formation of titanium oxide follows a non-linear behavior for Ti 
concentrations up to 20%, whereas it becomes approximately linear for Ti 
concentration between 20-50%.  Moreover, the formation of other calcium phosphate 
phases such as β-TCP is observed in the Raman spectra of Ti substituted HA. This is 
attributed to the presence of Ca deficient apatite that can decompose to β-TCP due to 
the addition of Ti at elevated temperature.  
  Indeed, the existence of Ca deficient apatite was confirmed by EDX analysis where 
the Ca/P ratio values were found to be consistently under the stoichiometric value 
(1.67) reported for HA. This enhances the hypothesis that the formation of β-TCP is 
due to the decomposition of Ca deficient apatite under the addition of Ti content. 




  TEM analysis showed that HA particles appear as elongated rod-like structures, 
whereas more rounded particles are formed upon Ti addition. In addition to these 
morphologies, it was observed that pores of less than 20 nm were generally present in 
the unmodified and Ti substituted samples. Electron diffraction verified the presence of 
the pure HA phase, whereas there was no clear indication for the existence of the 
anatase phase. This was attributed to the larger size of HA particles compared to the 
anatase particles which apparently dominate the electron diffraction pattern. SEM 
studies showed the same morphologies for unmodified and Ti substituted particles that 
are observed in TEM.  
  The band gap value of pure HA (6 eV) was significantly decreased upon 5% Ti 
addition (3.84 eV) and further decrease was less pronounced up to 30% Ti content 
(3.64 eV). The values are in very good agreement with the values previously reported 
for titanium oxide. Hence, the rapid decrease that is observed after only 5% Ti 
substitution in the HA lattice in conjunction with the presence of anatase as probed by 
Raman spectroscopy indicates that the formation of titanium oxide plays a key role in 
regulating the electronic properties of these bio-composite structures. As a result, the 
useful electronic properties of titanium oxide combined with the bio-compatibility of HA 
can provide nano-structures that are suitable substrates to design and fabricate 
electronic textiles applied to the human body.   
 
6.3 Mechanical and molecular properties of collagen/apatite bio-composites  
  A novel home-built micro-electromechanical device was designed for the realization of 
mechanical studies on biological tissues with sizes at the micrometre level. In this 
study, bio-inspired structures composed of collagen fibres with different apatite 
contents were subjected to mechanical stress and Raman spectroscopy was employed 
to investigate the respective molecular changes.      
 The presence of apatite in the collagen matrix leads to the enhancement of the elastic 
modulus of the micro-fibres, whereas the elastic modulus appears significantly lower in 
the absence of apatite content. Despite the lack of cross-linking in the collagen 
network, the mechanical properties of the studied bio-inspired structures are close to 
the ones reported for bone at high mineralization levels.  
  Raman analysis performed on the bio-inspired structures showed a prominent 
decrease of the proline Raman band position upon applied stress in the presence of 
apatite content, whereas no significant variation was observed for the same Raman 
band under mechanical stress in the absence of mineral content. As a result, the 
molecular response of collagen to mechanical stress is more sensitive upon apatite 
addition.  




  The correlation between the elastic modulus and proline Raman band shift indicates 
structural enhancement at the molecular scale regulated by the apatite phase. The 
presence of apatite results in high stiffness and sensitivity of the proline structure under 
mechanical stress. It is thus suggested that a similar molecular pathway is the driving 
force for the observed mechanical properties in natural bone.  
 
6.4 General summary 
  This doctoral thesis begins with experimental results regarding the formation of 
carbonate apatite from an amorphous precursor in various liquid environments 
indicating the importance of citrate in stabilizing the initial precursor and the crucial role 
of phosphate species in regulating the rate of apatite formation. It is suggested that a 
surface process involving ionic exchange between citrate and phosphate species of the 
medium is the driving mechanism of the transformation. This is followed by a thorough 
characterization of titanium substituted hydroxyapatite structures with various amounts 
of Ti ion concentration. The development of anatase titanium oxide as a secondary 
phase was observed and the potential use of these materials in electronic textiles is 
discussed. Ultimately, the mechanical and molecular properties of collagen/apatite bio-
composites are investigated using a novel home-built electromechanical device 
coupled to a Raman spectrometer. It is demonstrated that the enhanced elastic 
modulus as a function of increasing apatite content is correlated to a prominent change 
of proline under tensile stress showing structural strengthening at the molecular scale.        
   
6.5 Future work 
  The detailed experimental investigations of calcium phosphate based bio-inspired 
systems presented here, combining spectroscopic and imaging techniques, provide 
new insights into their formation mechanism and their impact on the mechanical 
properties upon interaction with organic collagen matrix. This concept forms the basis 
for further studies and deeper understanding of these complex systems by performing 
additional experiments and varying experimental parameters. Some suggestions for 
further experiments are summarized. 
 
 Perform in situ TEM studies to observe the growth and nucleation of cAp from 
ACP in ionic solutions using liquid cell TEM holder. The challenge is to 
determine the critical amount of solid material (ACP particles) in solution that is 
required to trigger the transformation and subsequently monitor the transition 
time at various ionic solutions as performed via Raman spectroscopy. The 




 concentration of the solid material can be systematically varied to conduct 
similar studies and observe the morphological evolution of cAp particles. 
 In situ Raman investigation of cAp formation in ionic solutions (results in 
chapter 3) demonstrated that an amorphous calcium phosphate is present even 
after transformation has occurred, whereas no traces of amorphous calcium 
phosphate are evident when HA is formed via heating at 7000C (results in 
chapter 4). The presence of an amorphous/disordered phase is also reported 
as part of the mineral formation in bone under physiological conditions [179]. 
However, the origin of this short range structure remains elusive and it is not 
clear whether it represents an amorphous calcium phosphate phase or a 
disordered structure possibly related to the hydrated layer surrounding the 
apatite structure. Hence, more systematic Raman studies at different conditions 
such as longer timescales, different concentrations of cit-ACP in solution and 
greater variety of ionic media could show if this amorphous/disordered Raman 
band remains present under physiological conditions.           
 The specific sensitivity of the proline to external stress in the mineralized fibrils 
is important since it plays a crucial role in the stabilization of the helical collagen 
structure. Increasing the proline amount could possibly strengthen the collagen 
triple helical structure which can be assessed by performing similar experiments 
to investigate the molecular response of the new collagen/apatite bio-composite 
structures. 
 Expand the use of the novel micro-electromechanical device to investigate the 
mechanical and molecular properties of other biological micro-tissues such as 
wool fibres with improved electronic properties for wearable technologies and/or 




   







































A2 Optical images for needle tip calibration using all tungsten masses 
1. Mass 1 = 293 mg 
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2. Mass 2 = 465 mg 
 
       
 
     
 
3. Mass 3 = 632 mg 
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4. Mass 4 = 778 mg 
 
      
 
      
 
A3 Photograph of the calibration set up 
Figures 3a and 3b show a close view of the flexible needle mounted for calibration 
experiments and an enlarged view of the optical lens array used to propagate the light 
from the light source to the CCD camera. The tungsten weights (shown in Appendix 
A1) were attached at edge of the needle tip and the resulting bending of the tip was 
investigated as a function of increasing applied mass.   
 
 
Figure A3.1 (a) Photograph of the flexible needle mounted for calibration, (b) 
Photograph of the entire optical lens system used for calibration.  
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Raman spectra of collagen at equilibrium (no external stress applied) were 
successively recorded within a timescale of 3 hours to ensure that no time-dependent 
variation of the proline Raman band was observed due to laser heating. The laser 
power was kept approximately 6 mW which is similar to the conditions used for the 
stress experiments. Figures A1 and A2 show the Raman spectra as a function of time 








Figure B2 Optical image of the collagen sample used for Raman analysis. The sample 


























List of Abbreviations 
Acronyms 
CaP                 Calcium Phosphate       
ACP                 Amorphous Calcium Phosphate 
HA                   Hydroxyapatite 
cAp                  Carbonate  apatite 
β-TCP              beta tricalcium phosphate 
DCPD              Dicalcium Phosphate Dihydrate 
OCP                 Octacalcium Phosphate 
CDHA              Calcium Deficient Hydroxyapatite         
PES                 Potential Energy Surface  
EXAFS             Extended X-ray Absorption Fine Structure 
NMR                Nuclear Magnetic Resonance  
AFM                 Atomic Force Microscopy 
Gly                   Glycine 
Pr                    Proline 
HyP                 Hydroxy-Proline 
HPLC              High Performance Liquid Chromatography 
BF                   Bright Field 
DF                   Dark Field 
SEM                Scanning Electron Microscopy 
TEM                Transmission Electron Microscopy 
STEM              Scanning Transmission Electron Microscopy 




PBS                 Phosphate Buffer Saline 
cit-ACP           citrate Amorphous Calcium Phosphate 
Ti/HA               Titanium Hydroxyapatite  
FIB                   Focused Ion Beam 
XRD                X-Ray Diffraction 
TGA                 Thermo-gravimetric Analysis   
MEMS             Micro-electromechanical System 
PZT                 Piezo-translator    
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